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General introduction and objectives
1. Introduction 
 
In the summer of 1991, a ten-year-old Turkish boy visited the out-patient department of 
the VU University Medical Center for the fi rst time because of increasing walking problems. 
His initial development had been normal, although unsupported walking was rather late 
(18 months) and remained unstable with frequent falling. From the age of 18 months he 
had occasional seizures. Over the years, his gait deteriorated slowly and at the age of ten 
he could only walk with support. He had never attended school while living in Turkey, 
but the parents felt that his intelligence was normal. Neurological examination revealed 
a macrocephaly. Cranial nerve function was normal. Examination of the arms and legs 
revealed a hypotonia, brisk refl exes, bilateral Babinski signs, and a suboptimal strength. 
In addition, he had an intention tremor and an ataxic gait. Magnetic Resonance Imaging 
(MRI) of the brain showed a diff use signal abnormality and mild swelling of the cerebral 
white matter with relative sparing of the corpus callosum, internal capsule, brain stem and 
cerebellum. Since the parents were consanguineous (fi rst cousins), an underlying genetic 
defect was suspected and extensive laboratory investigations were performed. This did 
not reveal relevant abnormalities; all metabolic studies were negative. 
The observed MRI pattern in this patient was very similar to that seen in children with a 
congenital muscular dystrophy (CMD) with merosin defi ciency, now known as congenital 
muscular dystrophy type 1A (MDC1A) 1. Therefore, the possibility was considered that he 
could have MDC1A, with hypotonia and mild weakness as the only clinical manifestations 
of the muscular disease, and more prominent manifestations of the associated 
leukoencephalopathy. Creatin-kinase values were determined and an electromyogram 
was performed, which were both normal. Since this does not fully exclude the possibility 
of a CMD, a muscle biopsy was performed, which revealed no abnormalities. At that time, 
no specifi c diagnosis was established, which was a source of great distress for the family.
Within the subsequent four years, eight children with similar clinical symptoms, course 
of disease, and MRI fi ndings were identifi ed in The Netherlands 2,3. No basic biochemical 
defect could be found in either one of these children. The striking similarities in all aspects 
suggested a “new” clinical disease entity. Many patients have been described since, 
confi rming this notion 3-12. Considering the high frequency of consanguineous parents 
and the presence of two patients within one family it was concluded that an autosomal 
recessive mode of inheritance was most likely 2. In the next paragraphs, the clinical and 
MRI phenotypes of the patients will be reviewed. 
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1a. Clinical phenotype 
All children develop a macrocephaly within the fi rst year of life. After the fi rst year, head 
growth rate normalizes and growth follows a line parallel to and above the 98th percentile. 
In the fi rst year of life there are, apart from the macrocephaly, no clinical problems. Usually 
the fi rst clinical problem is a delay in walking. Most children learn to walk, but the gait 
is unstable. Over the years a slow deterioration of motor function is noted and patients 
develop ataxia of the trunk and extremities. Signs of pyramidal dysfunction are late and 
mild and are dominated by cerebellar ataxia. Muscle tone tends to be low, apart from 
some ankle hypertonia. Deep tendon refl exes become brisk and Babinski signs become 
apparent. Some patients display extrapyramidal movement abnormalities with dystonia 
and athetosis. Eventually, the slowly progressive cerebellar ataxia leads to the inability to 
walk and most patients become wheelchair dependent as teenagers.
Almost all patients have epileptic seizures from early on, which are usually easily controlled 
with anti-epileptic drugs. However, some patients experience status epilepticus. Mental 
decline occurs later in life and is relatively mild. Usually, mental slowing sets in at primary 
school and leads to a decreasing school performances during high school. As a result, 
most children follow special education. Over time speech becomes increasingly dysarthric 
and patients may develop a dysphagia. 
 
There is some variation in severity of the disease. For example, some patients never walk; 
some patients still walk in their forties. Other than that, the clinical symptomatology is 
monotonous. 
1b. MRI phenotype 
MRI shows a characteristic pattern of abnormalities of the brain 2. Figure 1A and B show the 
MR images of an unaff ected child, whereas fi gure 1C and D show the images of a patient. 
Typically, the cerebral white matter is diff usely abnormal in signal and slightly swollen. 
The occipital white matter often looks a bit less abnormal and less swollen. Central white 
matter structures are relatively spared, including the corpus callosum, internal capsule, 
and brain stem, although they are not entirely normal. Usually, the cerebellar white 
matter has a mildly abnormal signal and is not swollen. Characteristic for these patients 
are the subcortical cysts, which are present in the anterior-temporal region and often in 
the frontoparietal region as observed in fi gure 1D. As the disease progresses, the white 
matter swelling decreases and cerebral atrophy ensues. In general, the subcortical cysts 
increase in size and number. In some patients, the cysts become very large and occupy a 
large part of the frontoparietal white matter.
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General introduction and objectives
Figure 1: MRI of the brain of a control (A, B) versus a MLC patient (C, D). The transverse T2-weighted image shows 
diff usely abnormal, slightly swollen white matter in the patient (A compared with C). The sagittal T1-weighted 
image shows subcortical cysts in the anterior-temporal and parietal subcortical region (B compared with D).
1c. Neuropathologic examination
Histopathology of a brain biopsy of the fi rst patient revealed that the white matter swelling 
was caused by countless vacuoles in the cerebral white matter. Electron microscopy 
studies showed that the vacuoles were present between the outer lamellae of myelin 
sheaths, suggesting splitting of these lamellae along the intraperiod line or incomplete 
compaction 3. According to these histopathological fi ndings, the disease can be classifi ed 
as one of the vacuolating myelinopathies.
1d. Disease name
On the basis of the macrocephaly, megalencephaly, diff use cerebral white matter 
abnormalities and the subcortical cysts, the name “megalencephalic leukoencephalopathy 
with subcortical cysts” (MLC) was proposed and is now commonly used. Other names that 
have been used are “leukoencephalopathy with swelling and a discrepantly mild course”2, 
“infantile leukoencephaly and megalencephaly” “vacuolating leukoencephalopathy” and 
“van der Knaap syndrome” 2-4,11.
2. White matter and white matter cells 
All neural tissues, both peripheral and central, contain two major classes of cells: nerve 
cells (neurons) and glial cells. Glial cells outnumber neurons in the mammalian brain by 
a factor of about 10 to 50 13. Glia can be divided into two major classes: microglia and 
macroglia (ependymal cells, astrocytes and oligodendrocytes). 
The next paragraphs focus on these diff erent types of glial cells and their functions, 
with extra emphasis on astrocytes, as they were shown to be the cells in which MLC1 is 
predominantly expressed (as described in chapter fi ve).
2
2
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1
2a. Microglia
Microglia cells are a collection of phagocytic cells that arise from macrophages outside 
the nervous system and are physiologically and embryologically unrelated to the other 
cell types of the nervous system. These cells normally exist in the central nervous system 
(CNS) in small numbers, but they multiply and become activated during infection, injury, 
and seizures. Activated microglia have processes that are stouter and more branched 
than those of inactivated cells, and they express a range of antigens, suggesting that they 
may serve as the major antigen-presenting cell in the CNS 13.
2b. Ependymal cells
Ependymal cells are the epithelial cells that line the central canal system of the brain and 
spinal cord. Recently, several functions for these cells have been suggested, including 
a barrier for fi ltration of brain molecules, protection of the brain from potentially 
harmful substances from the cerebrospinal fl uid (CSF), movement of cellular debris, and 
optimization of the dispersion of neural messengers in the CSF 14. In certain regions of 
the brain, ependymal cells possess cilia. The functional relevance of these cilia is still 
not completely understood. However, the development of hydrocephalus in mice with 
targeted mutation of cilia-related genes strongly suggests that ependymal cilia play an 
important role in transport of CSF 15. 
2c. Astrocytes
Astrocytes are the most plentiful and diverse of the glial cells but also the most mysterious: 
their functions are still debated. Generally astrocytes are divided into two types, fi brous 
and protoplasmic, similar in function but distinct in morphology and distribution 13. The 
fi brous astrocytes contain many fi laments and are found in areas of the CNS containing 
mainly axons. These regions are called “white matter” because of their color in unstained, 
freshly cut brain sections. The white color is related to the myelin sheaths around 
axons. The protoplasmic astrocytes have short, thick and highly branched processes 
and are associated with nerve cell bodies, dendrites and particularly synapses. The 
regions in which protoplasmic astrocytes predominate are called “gray matter” because 
large collections of nerve cell bodies and dendrites appear grayish in unstained brain 
sections 13. 
Astrocytes interact with several brain elements, including blood vessels, pial surfaces, 
nodes of Ranvier, as well as neuronal cell bodies and synapses. Originally thought of as 
“nerve glue”, it has become clear in recent years that astrocytes are important for virtually all 
brain functions 16. They are essential in the maintenance of the blood-brain and CSF-brain 
barriers, transport of nutrients and regulation of water and ion homeostasis. Astrocytes 
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General introduction and objectives
have specifi c processes called endfeet. Some endfeet are apposed onto the surface of the 
brain parenchyma, forming a membrane (glia limitans) as part of the CSF-brain barrier; 
other endfeet form a perivascular sheet along blood vessels as part of the blood-brain 
barrier 17. In addition, the processes of astrocytes also closely interact with neuronal 
elements by forming a leafl et that surrounds the synapses. In this way, astrocytes play 
an important role in regulating the entry of energy and nutrient substrates via the blood 
vessels into the brain parenchyma up to the active neurons 18. Additionally, astrocytes 
form a syncytium by coupling through gap junctions. Gap junctions are intercellular 
channels that are formed by two connexons in the closely apposed membranes. Six 
connexin (Cx) proteins form a connexon, a half gap junction. Connexons are composed 
of two or three diff erent connexin proteins. Through gap junctions, astrocytic endfeet 
can act as functional units for long distance communication. These astrocytic networks 
are also used to maintain tissue homeostasis in the brain through dissipation of 
molecules, such as potassium and glutamate, to prevent extracellular accumulation of 
these molecules. This process is called spatial buff ering 19. Other functions of astrocytes 
include amino acid neurotransmitter metabolism and ammonium detoxifi cation. They 
are involved in neuronal path-fi nding as well as myelin deposition 16. The list of roles of 
astrocytes in the brain is still growing; recently the following more controversial functions 
were reported: regulation of CNS synaptogenesis, regulation of neurogenesis in the adult 
brain, involvement in detoxifi cation of brain free-radial species, trophic modulation of 
post-injury neural repair and axon re-growth, and involvement in the release of cytokines 
and chemokines in neuroinfl ammation 16. 
2d. Oligodendrocytes 
Oligodendrocytes are, perhaps, the best understood glial cells. The only defi ned function of 
oligodendrocytes is the production of the myelin sheath around axons. The myelin sheath is 
crucial to propagate electrical signals more effi  ciently 13. Myelination by oligodendrocytes 
begins when axons to be myelinated acquire a diameter of approximately 1 μm 20. A small 
amount of myelin is formed in humans before birth, but most myelin develops after birth, 
during the fi rst two years of life. Myelination of the cerebral hemispheric white matter 
continues until adolescence 21. 
T
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1
3. Myelin
3a. Structure of the myelin sheaths
In the CNS, myelin is formed by diff erentiation of the plasma membrane of 
oligodendrocytes. The extended cell membrane of oligodendrocytes surrounds axons 
and forms a double membrane structure called the mesaxon, which elongates and spirals 
around the axon in concentric layers 22 (Figure 2). The cytoplasm of the oligodendrocytes 
appears to be squeezed out during the ensheathing process and the oligodendrocytic 
processes condense into compact lamellae to form the mature myelin sheaths. During 
this compaction process the apposing inner surfaces of the plasma membrane of the 
oligodendrocyte fuse. Upon electron microscopy the fused membrane (Figure 3) is 
visualized as a single major dense line (MD). The intraperiod lines (IP) results from close 
apposition of the external surface of the same plasma membrane 22. 
Axons
Myelin Sheath
Oligodendrocyte
Figure 2: Myelination in the CNS. Plasma membrane extensions of oligodendrocytes that wrap myelin around 
axons in their region.
Compact myelin forms the major part of the myelin sheaths and is found along axons in 
segments called internodes. The unmyelinated gaps between internodes are called nodes 
of Ranvier, in which nearly all ion channels and transporters reside. Due to the segmental 
deposition of the electrically insulating myelin membrane and the high density of ion 
channels and transporters in the nodes of Ranvier, action potentials are only generated 
at these nodes and jump from one node of Ranvier to the next, a process referred to as 
saltatory conduction 13. As compared to continuous conduction, saltatory conduction is 
faster and less energy consuming. 
The formation of myelin sheaths requires synthesis of myelin components, integration into 
membranes and cytoskeleton modifi cations to allow membrane spiralling and wrapping. 
Morphologically, the myelin sheaths in the peripheral and central nervous system appear 
very similar, but there are diff erences in biochemical composition 20. In this thesis, the 
focus will be on CNS myelin only.
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General introduction and objectives
Figure 3: Electron microscopic picture of the myelin sheath. (A) Shows the fi ve-layered structure of myelin with 
MD lines and IP lines. (B) Higher magnifi cation of picture A showing the typical periodicity of myelin even more 
clearly. (C) Schematic representation of the MD lines and IP lines. This picture has been adapted from Van der 
Knaap et al. 2005 21 with permission of the authors. 
3b. Components of the myelin sheaths
Myelin is composed mainly of lipids with a quantitatively minor, but functionally 
important contribution of proteins. On average, myelin consists of 70-80% of lipids and 
of 20% of proteins 23. Many of the proteins present in the myelin have not been found in 
other tissues or cell types, and the function of these myelin-specifi c proteins has been 
studied most extensively. During development, the expression of myelin constituents is 
under tight regulation 21. 
3b.1. Lipids
The insulating property of myelin is largely caused by the high lipid content 13. The most 
abundant group of lipids is the phospholipids: membrane lipids that contain a phosphate 
group. A less abundant class of membrane lipids is called sphingolipids, which are 
derivatives of sphingosine, an amino alcohol that contains a long hydrocarbon chain. 
Sphingolipids consist of sphingosine linked to a fatty acid by its amino group 24. 
Another group of lipids, of which the nervous system is particularly rich, are the glycolipids. 
T
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Glycolipids can form micro-aggregates in the membrane, which function as insulators 
and receptor binding sites. Particular abundant glycolipids are galactocerebroside, 
which is formed when a galactose is added to ceramide, and its sulphated analogue 
sulfatide 25.
The sterol cholesterol is a smaller molecule than the other myelin lipids and less 
amphipathic. In contrast to most myelin lipids, cholesterol is evenly distributed between 
the two layers. Cholesterol makes the lipid bilayer less deformable and decreases its 
permeability to small water-soluble molecules 24. 
3b.2. Proteins
In CNS myelin, proteins represent about 20% of the myelin dry mass. The most abundant 
class of proteins is proteolipid protein (PLP) and its alternative spliced isoform DM20 26. 
PLP comprises at least 60% of the total CNS myelin protein. The two proteins, PLP and 
DM20, which are encoded by alternative transcripts from the proteolipid protein gene 
(PLP1) are hydrophobic integral membrane proteins and are located in compact myelin 
26. In humans, mutations in PLP1 cause Pelizaeus-Merzbacher disease (PMD), an X-linked 
hypomyelinating neuropathy 27. 
Myelin basic protein (MBP) is a cytoplasmic, extrinsic membrane protein of compact 
myelin and has an important role in myelin compaction. At least seven related proteins 
are produced from a single MBP gene by alternative splicing 26. 
Myelin in the CNS also contains myelin-associated glycoprotein (MAG) and myelin/
oligodendrocyte glycoprotein (MOG). These proteins belong to a super family that is 
related to the immunoglobulins and includes several important cell surface proteins. 
They display characteristics of adhesive and recognition molecules. MAG is a heavily 
glycosylated protein whose appearance and placement in periaxonal membranes of 
myelin internodes (but exclusion from compact myelin) suggests a role in initial axon-
myelin interaction. By contrast, MOG’s fairly late developmental appearance and its 
localization on oligodendrocyte processes and external surfaces of the myelin sheaths 
suggest participation in myelin maintenance 26. 
Another group of proteins is formed by the connexins. They play a major role in ion and 
water homeostasis within and across the myelin sheath. The importance of connexins 
in the myelin sheath was stressed by the fi nding that mutations in Cx32 are associated 
with X-linked Charot-Marie-Tooth disease (Bergoff en et al., 1993). Recently, mutations in 
another connexin protein, Cx46.6, were found to be associated with hypomyelination of 
the CNS (Pelizaeus-Merzbacher-like disease) 28. 
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4. Dystrophin associated glycoprotein complex
 
As mentioned in the fi rst paragraphs of this chapter, MDC1A patients show white matter 
abnormalities on MRI that are strikingly similar to those seen in MLC patients. In addition, 
both MLC and MDC1A are characterized by myelin vacuolation at histopathologic level 
3,29. At the clinical level, however, there are some discrepancies: the typical well-delineated 
subcortical cysts seen in MLC patients are generally missing in MDC1A patients 1. In 
addition, MDC1A patients have serious muscle weakness, which is absent or much less 
prominent in MLC patients. 
The striking similarities in brain pathology and MRI features between MLC and MDC1A 
suggest that these disorders may also show similarities at the level of disease mechanisms. 
MDC1A is a CMD, in which the muscular phenotype is combined with white matter 
abnormalities. This disease is caused by mutations in the laminin-α2 chain (LAMA2), which 
codes for the structural protein merosin, that is part of the basal lamina 30. Most CMDs, 
however, like the Walker-Warburg syndrome (mutations in the genes POMT1, POMT2, 
FCMD, FKRP) 31-34, Muscle-Eye-Brain disease (mutations in the genes POMGNT1, FKRP) 33,35; 
Fukuyama type of CMD (mutations in the gene FCMD) 36, MDC1C (mutations in the gene 
FKRP) 37 and MDC1D (mutations in the gene LARGE) 38 are caused by mutations in genes 
that encode putative or demonstrated glycosyl transferases, which aff ect the glycosylation 
of α-dystroglycan. 
All proteins involved in muscular dystrophies, including CMDs, are members of the 
dystrophin-associated glycoprotein complex (DGC). This multi-subunit complex has been 
characterized best in skeletal muscle where it connects the cytoskeleton of a muscle fi ber 
to its surrounding extracellular matrix, maintaining the structural integrity of the muscle 
fi ber during repeated cycles of contraction and relaxation 39. The DGC is expressed in 
diff erent tissues and the constituents of the DGC diff er between these tissues. Within 
the brain the DGC is involved in the adhesion of the perivascular glia to the extracellular 
matrix 40 and consists of four main components 41,42 (Figure 4): (I) D- and E-dystroglycan, 
which form the backbone of the DGC by forming a transmembrane link between the 
actin cytoskeleton and the extracellular matrix. α-Dystroglycan is a heavily glycosylated 
peripheral membrane protein that binds to extracellular ligands such as merosin and agrin. 
β-Dystroglycan is a transmembrane protein that interacts intracellularly with cytoskeletal 
proteins including dystrophin (and/or utrophin, which can replace dystrophin) and 
syntrophin. β-Dystroglycan anchors the extracellular α-dystroglycan to the plasma-
membrane. (II) Dystrophin and/or utrophin, which are linker molecules between actin 
and E-dystroglycan. (III) D-Dystrobrevin, which is linked to dystrophin and/or utrophin 
and binds to syntrophin. (IV) Syntrophin, which binds to the water channel aquaporin-4 
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1
(AQP4) and the potassium channel Kir4.1. 
In the perivascular membranes of astrocytic endfeet both AQP4 and Kir4.1 channels are 
arranged in regular arrays of intramembrane particles also referred to as square arrays, 
assemblies, or orthogonally arranged particles (OAPs) 43,44. For the OAP polarity of 
astrocytes the expression of agrin in the basal lamina is required. Agrin is also important 
for the integrity of the blood-brain barrier and the segregation of AQP4 to the perivascular 
astrocytic endfeet. This is mediated by agrin binding to D-dystroglycan, which couples to 
AQP4 through D-synthrophin. D-Synthrophin also binds to Kir4.1, which explains the co-
localization of Kir4.1 and AQP4 45,46. 
β-DG
Dystrophin/
Utrophin
α-Dystrobrevin
Actin
α−DG
Merosin
Agrin
ECM
NH2
COOH
α−Syn
Kir4.1
PDZ
AQP4
PDZ
Figure 4: Molecular organization of the DGC in perivascular astrocytic endfeet. Schematic model of the DGC as a 
linker between the cytoskeleton and the ECM.
Multiple functions for AQP4 and Kir4.1 in astrocytic endfeet have been described. The fi rst 
is a functional coupling of Kir4.1 and AQP4. Kir channels are believed to facilitate a process 
called potassium siphoning or potassium spatial buff er mechanism. In this process, the 
increase in the extracellular potassium concentration from neuronal activity is absorbed 
through Kir channels by adjacent astrocytes and then shunted through a network of 
these cells to regions of the brain where potassium concentrations are low 47. As the 
brain endothelium has a low potassium permeability, the potassium is not generally 
lost from the brain, but can be recycled (by reversal of the spatial buff er). The uptake 
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of excess potassium causes a reduction of extracellular osmolarity and shrinkage of the 
extracellular space around the active synapses. This shrinkage is facilitated by AQP4 and 
is accompanied by enhancement of the extracellular space volume at more distant sites 
47. Thus AQP4 facilitates glial water uptake at sites of neuronal activation and water effl  ux 
at distant sites. In addition it facilitates the water exchange between the extracellular 
space of the neuropil on one hand and the perivascular or subarachnoid space on the 
other 47. Another function of AQP4 is the facilitation of water exchange when there is 
a need for rapid movement of water across a plasma membrane 48. However, it should 
be comprehended that AQP4 provides not only high transport capacity but also high 
selectivity. Constitutive water movement by way of co-transporters will inevitably cause 
redistribution of the co-transported compounds while AQP4 mediates transport of water 
alone 49. 
5. Volume regulation in the brain by astrocytes
Considering the highly increased water content of the abnormal white matter in MLC, 
the presence of vacuoles in the outer lamellae of the myelin sheaths 3, and the specifi c 
localization of the MLC1 protein described in chapter fi ve, the role of astrocytes in the 
water and ion homeostasis of the brain is of special interest. 
Three unique barriers protect the brain, and limit and regulate the molecular exchange 
at the interface between the blood and the neural tissue and its fl uid spaces 13: the 
blood-brain, CSF-brain and blood-CSF barriers. Astrocytes are involved in the fi rst two. 
The blood-brain barrier (I) is formed by the endothelial cells that line the cerebral micro-
vessels. It acts as a “physical barrier” because complex tight junctions between adjacent 
endothelial cells force most molecules to take a transcellular route rather than diff using 
within the plane of the membrane. Besides endothelial cells, there are two other cell 
types in the blood-brain barrier: pericytes and astrocytes. Astrocytic endfeet that form 
a sheath around blood vessels do not contribute directly to the physical barrier, because 
they are separated from the endothelial cells by the basal lamina. The CSF-brain barrier (II) 
is formed by the ependymal cells, lining the ventricular system and central canal, and the 
glia limitans at the surface of the brain. The choroid plexus and the arachnoid membrane 
act as the barriers between the blood and CSF (III). Passage of substances from the blood 
through the arachnoid membrane is prevented by tight junctions. The choroid plexus 
forms the CSF and actively regulates the concentration of molecules in the CSF. 
Astrocytes have long been recognized as the chief regulator of water homeostasis in 
the brain and contribute to a stable osmotic environment in several ways 50. The next 
T
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paragraph describes four examples of how these glial cells, via the detection of osmotic 
changes, are capable of initiating an osmo-regulatory process in the brain. The relative 
contribution of these mechanisms varies depending on a number of factors including 
the density, expression pattern and water fl uxing capacity of the individual channels and 
co-transporters 48. 
The fi rst osmo-regulatory process in which astrocytes are involved is the previously 
mentioned potassium spatial buff ering that is primarily mediated by Kir4.1. In this way 
astrocytes maintain extracellular potassium optimal for neuronal signaling. The net 
ion gain results in osmotic water uptake via AQP4 and causes a slight cell swelling and 
subsequent water clearance via astrocytic endfeet at the blood-brain barrier 47. The 
second example is neurotransmitter recycling, which can also lead to local changes in 
ions and water. Glutamate is the major excitatory transmitter of the brain and one of the 
most important tasks of astrocytes is to maintain a low concentration of extracellular 
glutamate. Glutamate uptake by astrocytes terminates its eff ects as a neurotransmitter, 
prevents extracellular glutamate levels from reaching excitotoxic levels, and leads to 
futher utilization as a metabolic substrate 51. Astrocytic processes surrounding synapses 
can take up glutamate through transport proteins (particularly EAAT1 and EAAT2); this 
transport is sodium-dependent and accompanied by net uptake of ions and water, again 
contributing to water clearance via astrocytic endfeet at the blood-brain barrier 47. The 
two previously described examples concern activity-dependent water fl ux. This activity-
dependent water infl ux is superimposed on a constitutive effl  ux of a substantial amount 
of water derived from the metabolic breakdown of glucose, the main energy substrate 
of the brain 49. The last osmo-regulatory process is called regulatory volume decrease 
(RVD) 52. RVD is a corrective process leading to cell volume recovery after rapid cell swelling 
as a response to decreased external osmolarity. RVD is caused by an effl  ux of chloride, 
potassium and organic osmolytes, such as amino acids plus their derivates (taurine, 
proline, alanine) 52. The chloride channels activated by cell swelling play a key role in this 
process and are called volume-regulated anion channels (VRACs). 
6. Scope and outline of this thesis
At the start of this study, the basic defect of the disease MLC was unknown. This thesis 
describes the research that has been done to elucidate the genetic defect responsible 
for MLC, and the characterization and function of the protein that is involved. The fi rst 
part of this thesis describes the discovery of the MLC1 gene (chapter 2) and mutations 
in MLC patients (chapter 3 and 4). The second part describes the characterization of the 
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MLC1 protein, with studies on the expression and localization of the protein (chapter 5), 
a study to elucidate possible binding partners (chapter 6) and a functional study, which 
reveals that MLC1 is indispensable for chloride channel activity associated with volume 
regulation (chapter 7). The main fi ndings of the studies are summarized and discussed 
in chapter 8.
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Abstract
Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is an autosomal 
recessive disorder characterized by macrocephaly, deterioration of motor functions 
with ataxia, and spasticity, eventuating in mental decline. The brain appears swollen on 
magnetic resonance imaging, with diff use white-matter abnormalities and the invariable 
presence of subcortical cysts. MLC was recently localized on chromosome 22qtel.We have 
narrowed down the critical region by linkage analysis of 11 informative families with 
MLC to a region of ~250 kb, containing four known genes. One family with two patients 
who were siblings did not display linkage between the MLC phenotype and any of the 
analyzed microsatellite markers on chromosome 22qtel, suggesting genetic heterogeneity 
and the existence of at least a second MLC locus. The maximum two-point LOD score for 
the 11 families was 6.6 at recombination fraction .02. Twelve diff erent mutations in seven 
informative and six uninformative families were found in one of the candidate genes, 
KIAA0027, which we renamed “MLC1”. The gene encodes a putative membrane protein 
with eight predicted transmembrane domains. The patients of one family were compound 
heterozygotes for mutations that both introduced stop codons. The mutations further 
included frameshifts, splice-acceptor mutations, a putative splice-donor mutation, and 
amino acid substitutions of residues in predicted transmembrane domains. These data 
provide strong evidence that mutations of MLC1 cause the disease.
T
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Introduction
Vacuolating megalencephalic leukoencephalopathy with subcortical cysts (MLC [MIM 
604004]) is a neurological disorder characterized by macrocephaly within the fi rst 
year and delayed onset of a slow deterioration of motor functions with ataxia and 
spasticity 1-3. The cognitive functions are relatively spared. Magnetic resonance imaging 
of the brain is diagnostic and shows diff usely abnormal, mildly swollen cerebral white 
matter and, invariably, subcortical cysts - in particular, in the anterior-temporal region. 
A brain biopsy showed spongiform white-matter changes related to the presence of 
numerous vacuoles between the outer lamellae of myelin sheaths. The fi ndings suggest 
either splitting of the outer myelin lamellae along the intraperiod line or incomplete 
compaction 4. The mode of inheritance is autosomal recessive. An MLC gene locus has been 
recently assigned, by a genomewide linkage analysis, to a 2-Mb interval on chromosome 
22qtel 
5. Although the study involved families with MLC from a seemingly homogeneous 
Turkish population, a founder eff ect was not apparent from the patient haplotypes on 
chromosome 22qtel. In our study, the critical region on chromosome 22qtel was narrowed 
down by linkage analysis of a heterogeneous group of MLC families with microsatellite 
markers. Recombination events in individual families that border the most likely location 
of the disease gene we repositioned more precisely by the analysis of single-nucleotide 
polymorphisms (SNPs). Candidate genes that were located in the critical region were 
screened by sequencing of patient DNA, and we found mutations in one gene, KIAA0027, 
that are responsible for MLC We propose to rename KIAA0027 as “MLC1.”
Material and Methods
Samples 
All patients with MLC were diagnosed by one of us (M.S.v.d.K.), and, with informed consent, 
blood samples were collected. Sixteen patients with MLC were from 11 informative families 
of diff erent ethnic origins. Six of these families were of Turkish background. The other 
fi ve families were from Croatia, Japan, the United Kingdom (with Indian background), 
France, and Germany. In nine families, the parents were consanguineous. The informative 
families included fi ve aff ected sib pairs and 12 healthy siblings. The estimated maximum 
LOD score in these families was 13.4. We also studied 19 families who were uninformative 
for linkage. These families, with single patients and a total of 20 healthy siblings, were of 
diff erent white and Asian origins. Five of these families were from Croatia.
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Marker Analysis 
Genomic DNA fragments were amplifi ed as described elsewhere 6. The markers D22S1161 
and D22S1169 were described by Dib et al. 1996 7, and the oligonucleotide sequences for 
markers D22S445 and UT580 were derived from The Genome Database. The microsatellite 
markers ARSA and N66c4 were described by Topçu et al. 2000 5. The positioning of 
these markers, except for D22S1161, was based on the DNA sequence of chromosome 
22 8. The positioning of D22S1161 was based on the combination of the chromosome 22 
DNA sequence and genetic data 7. The DNA sequences of the oligonucleotides for the 
marker 355c18 were 5’-GTGTCCTGTGGGTATTCCAG-3’ and 5’-GAACCAGGGTGCAGTTCTTG-
3’. These primers amplify a polymorphic CA repeat around position 26300 of the RP3 PAC 
clone 355c18. One of the primers for each of the mentioned microsatellite markers had 
a fl uorescent label 6-FAM, HEX or TET at the 5’-end. The PCR products of microsatellite 
DNA were analyzed with an Applied Biosystems Genetic Analyzer 310. GS-500 TAMRA 
(Applied Biosystems) was used as a size standard and DNA from CEPH individual 1347-02 
was analyzed as a reference. The alleles correspond to the length of the DNA fragments in 
base pairs. For the markers UT580, 355c18, ARSA, and N66c4, the lengths were derived from 
the GENESCAN measurements. The primers for PCR amplifi cation of the SNPs rs4469 and 
rs4624 were as described in the Web site A Database of Single Nucleotide Polymorphisms. 
SNP rs8238 was amplifi ed with oligonucleotides 5’-ACCGTCTGCCTGCAGGGAT-3’ and 5’-
GAACCCCATGTTCACACGTC-3’. The DNA sequence of the SNP fragments was determined 
by cycle sequencing with one of the PCR primers and Big Dye terminators (Applied 
Biosystems), according to the instructions of the manufacturer. The alleles correspond to the 
base at the polymorphic position, as in A Database of Single Nucleotide Polymorphisms.
Mutation Analysis 
The DNA sequences of oligonucleotides for PCR amplifi cation of the MLC1 exons and 
surrounding intron sequences are available, on request, by e-mail. PCR products of MLC1 
exons from patients of all MLC families were analyzed for SSCP, as described elsewhere 9. 
Exon fragments with banding patterns that were diff erent from control fragments were 
further analyzed by cycle sequencing, as described above. The PCR products of exon 
2 from the heterozygous patient M31 were subcloned in pGEMT vector (Promega), as 
recommended by the supplier. The DNA inserts of subclones were amplifi ed by PCR and 
sequenced.
Analysis of Brain MLC1 cDNA 
Adult whole-brain cDNA was obtained from Clontech (Palo Alto). Overlapping fragments 
of MLC1 cDNA were amplifi ed by PCR, using standard conditions with an annealing 
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temperature of 55°C. The primer combinations were 114F-(5’-CCATGACCCAGGAGCCATTC), 
782R-(5’-CGATTACCTCGACGACTGAGTAAGA); 618F-(5’-AGGAGGACTGCAAGAAAAAGAAGG), 
1362R-(5’-CTCACACAAGGGAAAAGAGGTGTTA) and 114F-1362R. The primer numbers 
correspond to the position on Genbank accession number D25217. The PCR products 
were sequenced with the PCR primers, as described.
Results
Using linkage analysis, we investigated the location of the MLC gene on chromosome 
22qtel in 11 informative families with MLC. One family, ML10, did not display linkage 
between MLC and chromosome 22qtel. This family included two sibling patients who had 
diff erent genotypes for all seven microsatellite markers analyzed (Figure 1A). All other 
informative families displayed linkage between markers on chromosome 22qtel and MLC 
(data not shown). The newly developed marker 355c18 was the only microsatellite marker 
that showed overlap between the critical regions of the families with linkage between 
MLC and chromosome 22qtel. The maximum two-point LOD score for linkage between this 
marker and MLC was 6.6 at recombination fraction .02. The LOD score was calculated with 
the data for the 11 informative families, and it proves that an MLC gene on chromosome 
22qtel is involved in these families. Analysis of SNPs adjacent to 355c18 narrowed down 
the critical region (Figure 1). The two sibling patients, M2 and M4, of family ML1 in which 
the parents are fi rst cousins, are homozygous from D22S445 down to SNP rs8238. The 
healthy sibling M6 was identical to these patients between D22S445 and UT580, but was a 
recombinant between markers UTs80 and 3sscl8 (Figure 1A). This family, by itself, placed 
the most likely location of the MLC gene in a 0.7-Mb interval between markers UTs80 
and rs8238. Patient M18, whose parents are also fi rst cousins, was homozygous in the 
chromosomal region with the four most distal markers starting with 3ssd8. The frequency 
of the homozygous haplotype was estimated between .02 and .005, indicating that the 
region was identical by descent in patient M18. Together, families ML1 and ML2 placed the 
most likely location of the MLC gene on chromosome 22qtel, in a 250-kb region between 
SNPs rs4624 and rs8238.
Four genes have been described in the annotated DNA sequence of chromosome 22, 
between the SNPs rs4624 and rs8238 (Figure 1B). We analyzed, by SSCP analysis and DNA 
sequencing, two of the three coding exons of dJ402G11.9 and all 11 coding exons of MLC1, 
of patients from all families with MLC. We found evidence that MLC is caused by mutations 
in MLC1 (Genebank accession number D2s217) (Figure 2 and Table 1).
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Figure 1: Localization of the MLC gene on chromosome22qtel. (A) Chromosome 22qtel haplotypes of three 
informative families with MLC. Microsatellite and SNP markers are listed on the left, according to their order. 
The alleles are depicted as PCR fragment length (microsatellites) or DNA sequence at the polymorphic position 
(SNPs). Haplotypes that are identical by descent in individual patients are indicated by the boxes. In family ML1, 
there are two patients with parents who are fi rst cousins. The healthy sibling, M6, is a recombinant between 
markers UT580 and 355c18, indicated by the broken line. Patient M18 also has parents who are fi rst cousins. 
Together, the two families limit the critical region for MLC between rs4624 and rs8238. The two sibling patients in 
family ML10 do not share a genotype in the MLC region. (B) Physical map of the MLC region. The map is based on 
the completed and annotated DNA sequence of chromosome 22. Contig numbers and the position of markers 
are indicated. The gaps between contigs are of unknown length. Vertical lines depict known ESTs and genes. The 
four candidate EST clusters and genes are numbered: (1) KIAA0027 (“MLC1”); (2) dJ402Gl1.8 similar to MOV10; (3) 
dJ402Gl1.9 similar to MRS1; and (4) dJ402Gl1.4.
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The 12 diff erent mutations in MLC1, found in 13 families with MLC, included formation of 
stop codons, frameshifts, splice-site mutations, and amino acid substitutions of conserved 
residues and in predicted transmembrane domains (Figure 2 and Table 1). 
Figure 2: MLC1 mutations in genomic DNA of patients. Patient M31 was a compound heterozygote for a 4-bp 
deletion at the 3’ end of exon 7 and a point mutation that led to a stop codon. The allele with the deletion was 
sequenced after subcloning of the PCR products. The GT sequence at the splice donor is marked by an asterisk 
in this sequence. Lines indicate homologous residues of control and deletion mutant DNA sequences. The 
electropherograms were obtained by automated DNA sequencing with PCR products from control and patient 
DNA templates.
The aff ected sib-pair M31 and M32 was compound heterozygous for mutations that both 
introduced stop codons in MLC1 (Figure 2). One stop codon was created in exon 3 by 
mutation of a C>G residue at codon 71 of the open reading frame (ORF). The mutation 
that led to a stop codon in the second allele was a 4-bp deletion exactly at the 3’ end 
of exon 7. The deletion was predicted, by the program SPLICEVIEW 10, not to aff ect the 
effi  ciency of the exon 7/ intron 7 splice donor. The deletion directly led to a stop codon at 
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the exon 7/ exon 8 junction. Patient M23, who comes from the same country, was found 
to be heterozygous for this allele (Table 1). Patient M20 and the sib pair M39 and M42 
were homozygous for another microdeletion of 7 bp in exon 6 (Figure 2). The deleted 
7 bp were part of an 8-bp direct repeat of the DNA sequence TCCTGCTG, separated by 
a single C residue (Figure 2). The repeats coded for leucine residues of the fi rst of two 
polyleucine motifs of the MLC1 protein product. Both polyleucine motifs are part of 
predicted transmembrane domains. Patient M120 was homozygous for a substitution 
of 11 bp by 3 bp, resulting in a frameshift near the 5’-end of exon 11 (Figure 2). This 
rearrangement occurred in the region of seven TGC repeats, which encoded part of the 
second polyleucine motif. Interestingly, the replacement sequence GCA was the reverse 
complement of the repeat sequence. Patient M81 was heterozygous for an insertion of 5 
bp of the sequence GGAGC, next to an inverted repeat with the same sequence in exon 6. 
The 5-bp insertion occurred at the end of the domain that encoded the fi rst polyleucine 
motif.
Table 1: MLC1 mutations in DNA from MLC patients
Patient Mutationa Eff ectb Exon State Origin Family Type
M62 954C>T S280L 10 Homozygous Japan InformativeC
M66 393C>T S93L 4 Homozygous Japan Uninformative
M75 393C>T S93L 4 Homozygous Turkey Uninformative
M73 393C>T S93L 4 Heterozygous Japan Uninformatived
M73 IVS11-2A>G Aberrant 
splicing exon 12
12 Heterozygous Japan Uninformativee
M2-M4 IVS10-2A>G Aberrant 
splicing exon 11
11 Homozygous Turkey Informativec
M112 468C>G T118R 5 Homozygous Turkey Informativec
M14 IVS5+3insT Aberrant 
splicing exon 5
5 Heterozygous India Uninformativee
M14 749G>A G212R 8 Heterozygous India Uninformatived
M20 564-570del L149 frameshift 6 Homozygous Turkey Informativec
M39-M42 564-570del L149 frameshift 6 Homozygous Middle East Informativec
M81 575insGGAGC E153 frameshift 6 Heterozygous Yugoslavia Uninformative
M23 709-712del Y198 stop 7 Heterozygous Croatia Uninformative
M31-M32 709-712del Y198 stop 7 Heterozygous Croatia Informatived
M31-M32 328C>G Y71 stop 3 Heterozygous Croatia Informativee
M120 1023-1033del+3 V303 frameshift 11 Homozygous Turkey Informativef
a Numbers correspond to KIAA0027 cDNA (Genbank accession number 025217).
b Numbers correspond to translated KIAA0027, starting with the fi rst methionine codon.
c Parents are fi rst cousins.
d Maternal allele.
e Paternal allele.
f Parents are second cousins.
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f
The sibling patients M2 and M4 were homozygous for a mutation of the splice-acceptor 
AG sequence of exon 11 to GG. The next predicted splice acceptor was 51 nucleotides 
(nt) downstream from the mutated site. Use of this site would result in a deletion of 17 
amino acids that constitute the major part of a predicted transmembrane domain. 
Similarly, patient M73 was heterozygous for mutation of the AG of the splice-acceptor site 
of exon 12 to GG. The next predicted splice acceptor was located downstream of the stop 
codon. If this site were used, the 24 amino acids encoded by exon 12 would be replaced 
by 27 unrelated residues. Patient M14 was heterozygous for an insertion of a T residue at 
position +3 of intron 5 (Figure 2). The insertion probably caused incorrect splicing of this 
intron. The SPLICEVIEW prediction diminished the score from 84% for the wild-type DNA 
sequence to 0% for the insertion mutant 10. The next splice donor in the DNA sequence 
was located 94 bp downstream from the mutated junction. The intron 5 DNA sequence 
contained an in-frame stop codon and the mutation in patient M14 probably led to a 
truncated MLC1 gene product of 141 residues, with an addition of 26 unrelated residues 
at the C-terminal end.
Four additional mutations were found in other patients with MLC that led to amino acid 
substitutions in the MLC1 gene product (Table 1). The serine residue at position 93, which 
was mutated in three patients from Japan and Turkey (Table 1), was conserved between 
Xenopus and man (Figure 3A). This mutation was not present in 100 chromosomes from 
unrelated Japanese and 106 chromosomes from unrelated Turkish individuals. The T118R 
mutation in patient M112, from Turkey, was not present in 106 chromosomes of Turkish 
origin. This mutation shifted the predicted position of the third transmembrane domain 
of the protein by 10 residues according to the TMpred program 11. Patient M62, from Japan, 
was homozygous for a mutation of the serine residue, at position 280, to a leucine residue. 
Again, this mutant allele was not present in 100 chromosomes of Japanese origin. Patient 
M14, of Indian background, was compound heterozygous for the splice-donor mutation 
described above and for mutation of the glycine residue at position 212 to an arginine 
residue (Table 1). This mutation was not present in 102 chromosomes from unrelated 
individuals from the same region. The four amino acid substitutions found in the MLC1 
gene segregate with the disease. The amino acids concerned are located in predicted 
transmembrane regions.
MLC1 is expressed in the brain and other tissues 12. We confi rmed the identity of MLC1 
transcripts by PCR amplifi cation and DNA sequence analysis of overlapping fragments 
from adult brain cDNA. PCR amplifi cation with three primer combinations each resulted 
in single fragments that overlapped. The fragments were of expected size. The DNA 
sequence was completely identical to the KIAA0027 clone, sequenced earlier (data not 
shown). These results indicated that alternative splicing of MLC1 does not occur in the 
brain.
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1 2 3 4 5 6 7 8 9 10 11 12M X
100 bp Y71X S93L T118R
IVS5+3insT
L149Fs
E153Fs Y198X G212R S280L
IVS10-2G
V303Fs IVS11-2G
        
Xenopus 5'UTR  TAA TTT TGG TAT CTT TGC TGG AAC AAA
Xenopus 1   MTREEGLIEEYSYDRMATLELGKQENKKFHVDLKSGDIQFPEGLKPCTGYKMWMFSLLMGSCL
            MT+E    EE +YDRM TLE G+Q+   +  D K  D+Q  + L PC  +K W+FS+LMGSCL
Man     1   MTQEP-FREELAYDRMPTLERGRQDPASYAPDAKPSDLQLSKRLPPCFSHKTWVFSVLMGSCL
Xenopus 64  VATSGFSLYLGNVFPSEMDYLRCAAGSCLPSAVVNFAVLKNKVNVMYHYQILFVSSFSIT
              TSGFSLYLGNVFP+EMDYLRCAAGSC+PSA+V+F V +   NV+ ++QILFVS+F++T
Man     63  LVTSGFSLYLGNVFPAEMDYLRCAAGSCIPSAIVSFTVSRRNANVIPNFQILFVSTFAVT
Xenopus 124 TTCLI
            TTCLI
Man     123 TTCLI
A
B
Figure 3: Organization of MLC1. (A) Conservation of the N-terminal end of the MLC1 gene product. The translated 
DNA sequences of the Xenopus EST and MLC1 (Gen bank accession numbers AW640978 and 025217, respectively) 
are compared. Vertical lines indicate identical residues, and the plus sign (+) indicates conservative changes. The 
top line shows part of the 5’ end of the Xenopus EST with a stop codon (underlined) in frame with the coding 
region. The stop codon that is 132 nt upstream of and in frame with the fi rst methionine of MLC1 in EST AU120203 
is not shown. The asterisk (*) indicates the conserved serine residue that was mutated in patients M66, M73, and 
M75. (B) Genomic structure of MLC1. The exons are shown as boxes; introns, as solid lines. The gray parts indicate 
the eight regions that encode transmembrane domains of the protein. The positions of the mutations that were 
found in DNA of patients with MLC are shown by arrows. Interrupted lines indicate deviations from scale. M = 
start codon, X = stop codon, and fs = frameshift.
Discussion
In this article, we describe the identifi cation of the gene for MLC. Of the 11 informative 
families studied, 10 displayed linkage between markers on chromosome 22qtel and MLC. 
It is possible that, in family Ml10, without apparent linkage, one of the sibling patients is a 
double recombinant between markers UT580 and 355c18 or between 355c18 and ARSA, 
or that both patients are recombinants between one of these marker pairs, so that they 
may share a genotype in a small portion of chromosome 22qtel. However, we have not yet 
been able to detect a mutation in the patients, and the most likely explanation for these 
results is the involvement of another MLC locus in family ML10.
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Recombination events that border the critical region could be pinpointed by the use of 
SNP markers. Eventually, mutations in one of tour candidate genes, MLC1, proved to be 
responsible for the disorder. The four amino acid substitutions investigated thus far are 
very unlikely to be polymorphisms, since the mutations were not represented in signifi cant 
groups of control chromosomes matched for ethnic background. Furthermore, the 
substituted residues were conserved or located in predicted transmembrane domains, 
suggesting that the aff ected amino acids are important for MLC1 protein function. One 
mutation probably led to deletion of a transmembrane domain, and 8 of the 12 mutations 
led to disruption and termination of the MLC1 ORF. Interestingly, the two DNA deletions 
and the duplication involved direct and inverted repeats, respectively. The deletion that 
occurred in patient M20 and the sib pair M39 and M42 was probably the result of slipped-
strand mispairing in the region of the repeat prior to DNA replication 13. Such a mechanism 
could not explain the rearrangement of the TGC repeat region in patient M120. In this 
case, a deletion of 8 bp was apparently accompanied by an inversion of one repeat unit. 
The direct duplication of half an inverted repeat in patient M81 may have been the result 
of strand slippage by hairpin formation during DNA replication.
We have not yet identifi ed all disease-causing mutations in our group of patients with 
MLC. Not all mutations alter the mobility of DNA in SSCP analysis, and large deletions in 
the heterozygous state can be missed, because such alleles may fail to be amplifi ed by 
PCR 14. Furthermore, we did not analyze the promoter, the noncoding exon 1, complete 
introns, and the 3’ UTR, all of which may infl uence the expression of the gene. Also, we 
cannot exclude that some of the patients carry the gene for MLC at another locus.
The MLC1 cDNA was cloned from the immature myeloid cell-line KG-1, and the expression 
in these cells proved to be high in comparison with the expression in a variety of human 
tissues 12. Of the tissues examined, the expression of MLC1 was relatively high in the brain. 
It was also expressed in peripheral white blood cells and spleen, and the expression in 
ovary, prostate, placenta, thymus, and lung was relatively low. No expression was observed 
in HeLa cells, heart, liver, skeletal muscle, kidney, pancreas, testis, small intestine, and 
colon. The northern blot for MLC1, which can be viewed at the HUGE protein database, 
shows a single band of the same size in these tissues. We confi rmed that MLC1 mRNA, 
with the same ORF, is present in the brain, and we did not defect alternative splice 
products. In the light of the expression pattern, it is understandable that, if MLC1 exerts 
an essential function, disruption of the gene would mainly aff ect the brain. The fact that 
a gene for a neurological disorder is not exclusively expressed in the nervous system is 
not uncommon.
The ORF of the MLC1 cDNA has been described as incomplete, because it started at the 
5’-end and lacked an apparent start codon 12. However, a strong argument that the MLC1 
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ORF is complete can be found in the following facts. First, a recently published expressed 
sequence tag (EST) (Genbank accession number AU120203) from the gene extended 
exon 1 in the 5’ direct ion by 20 nr. This EST has a stop codon near the 5’ end in-frame 
with the MLC1 ORF and the fi rst ATG codon in the extended cDNA sequence corresponds 
with the fi rst methionine codon in the MLC1 ORF. Second, this methionine is apparently 
evolutionarily conserved between man and Xenopus. A translated EST (Genbank accession 
number AW640978) from unfertilized Xenopus egg cells is similar to the N-terminal part of 
the MLC1 gene product, starting with the fi rst methionine residue. The methionine codon 
of the Xenopus EST is in frame with an upstream stop codon, indicating that this ATG is the 
start codon of the Xenopus MLC1 gene (Figure 3A).
The genomic structure of MLC1 contains 12 exons with the start codon in exon 2 and an 
untranslated 3’ end of 2.2 kb (Figure 3B). The TMpred program predicts the MLC1 gene 
product to have eight transmembrane domains. A BLAST search did not show homology 
of the MLC1 product with proteins of known function, although there was a low similarity 
to the human voltage-gated potassium channel KV1.1. A PROSITE profi le search indicated 
that the amino acid sequence contained a signature motif of the ribosomal protein S14 
subunit, but this match is listed by PROSITE as a false positive because the S14 ribosomal 
subunit gene obviously has been identifi ed in higher eukaryotes. The MLC1 amino 
acid sequence also matched the signature of ABC-2 type transporters and of sodium:
galactoside symporters with low signifi cance. Out working hypothesis is that MLC1 
encodes a membrane protein that may have a transport function for a specifi c, as yet 
unknown, substrate.
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Abstract
Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is an inherited 
neurologic disorder with macrocephaly before the age of one and slowly progressive 
deterioration of motor functions. Magnetic resonance imaging shows diff usely abnormal 
and swollen white matter of the cerebral hemispheres and the presence of subcortical 
cysts in the anterior-temporal region and often also in the frontoparietal region. Mutations 
in the MLC1 gene, encoding a putative membrane protein, have been recently identifi ed 
as a cause for MLC. Here, we describe 14 new mutations in 18 patients. Two identifi ed 
polymorphisms lead to alterations of amino acid residues. The role, suggested by others, 
of a mutation in the MLC1 gene in catatonic schizophrenia and the possible function of 
the MLC1 protein as a cation channel are discussed.
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Introduction
The rare neurologic disorder megalencephalic leukoencephalopathy with subcortical 
cysts (MLC, MIM 604004) is characterized by macrocephaly within the fi rst year of life. 
Early development is usually normal or close to normal. With a delay of several years, a 
slow deterioration of motor functions occurs with ataxia and spasticity 1-3. Most children 
become wheelchair-dependent as teenagers. Mental capacities remain relatively intact. 
Epileptic seizures occur in most patients but are usually easily controlled with medication. 
Magnetic resonance imaging (MRl) of the brain shows diff usely abnormal, mildly swollen 
cerebral white matter (Figure 1A) and subcortical cysts invariably present in the anterior-
temporal region and often also in the frontoparietal region (Figure 1B). MRI is diagnostic. 
A brain biopsy has shown the presence of numerous vacuoles between the outer lamellae 
of myelin sheaths suggesting splitting of these lamellae along the intraperiod line or 
incomplete compaction 4. MLC is inherited in an autosomal recessive pattern. The disease 
occurs with relatively high frequency in an Asian-lndian tribe and Turkish populations 1,3. A 
locus for MLC was assigned to chromosome 22qtel by linkage analysis 
5. The gene for MLC 
on this locus, MLC1, formerly known as KIAA0027, was identifi ed by mutation detection 
of patient DNA 6. The MLC1 gene consists of 11 coding exons and a fi rst noncoding-exon. 
The transcription start site and the promoter region have not yet been characterized. The 
gene spans at least 24 kb genomic DNA. The MLC1 protein consists of 377 amine acids and 
has eight predicted transmembrane domains but functional data are lacking. Here, we 
report new MLC1 mutations in patients from various ethnic backgrounds.
Figure 1: MRI of the brain of an MLC patient (A, B) compared with a control (C, D). The transverse T2-weighted 
image shows diff usely abnormal, slightly swollen white matter in the patient (A compared with C). The sagittal 
T1-weighted image shows subcortical cysts in the anterior-temporal and parietal subcortical region (B compared 
with D)
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Materials and Methods
All patients were diagnosed by personal examination of the MRI (M.S.v.d.K.). The 
background of 30 MLC families has been described 6. This material was expanded with 
12 Caucasian families from India, South and North America, Turkey, Europe, and North 
Africa. DNA was isolated from blood samples. MLC1 exons were polymerase chain 
reaction (PCR)-amplifi ed, and the DNA sequence was analyzed as described 6. DNA 
sequence reactions were performed by cycle-sequencing with ABI Big Dye terminators, 
and the products were analyzed by an ABI Genetic Analyzer 310. One deletion that 
involved exons 4 and 5 was characterized with primers that fl anked the deleted region. 
The forward primer IVS3f was situated 1025 bp upstream of the 5’-end of exon 4 and 
had the DNA sequence 5’-TCCCTCACATGCAGAGTCTTGCTAC-3’. The reverse primer IVS5r 
was situated 2013 bp downstream of the 3’-end of exon 5 and had the sequence 
5’-GACCGTATTGGCAGTGACATGA-3’. The PCR amplifi cation products were analyzed by 
electrophoresis on a 0.7% agarose gel with ethidium bromide under standard conditions 
and, subsequently, by DNA sequencing.
Gene mutation nomenclature used in this article follows the recommendations of 
den Dunnen and Antonarakis 2000 7. Gene symbols used in this article fellow the 
recommendations of the HUGO Gene Nomenclature Committee 8.
Results and Discussion
Fourteen new mutations in MLC patients and two polymorphisms were identifi ed (Figure 
2, Table 1 and Figure 3). Three of the new mutations in MLC1 disrupted the open reading 
frame (ORF) of the gene. One of these was an insertion of a C-residue in a stretch of six 
C-residues in exon 2 leading to a frameshift from codon 46 of the gene (Figure 2A). This 
mutation was found homozygously in patients M44, M141, and M198 from three families 
that belonged to the same Asian-Indian tribe with a high incidence of MLC 1. The disease 
was probably introduced into the tribe by a single founder, and the mutation is most 
likely shared by all MLC patients of this community.
The sib-pair patients M58 and M59 were homozygous for a deletion for a DNA fragment 
of 2149 bp that contains exons 4 and 5 (Figure 2B and 2C). The deleted fragment was 
fl anked by Alu sequences in the same orientation. These sequences may have played a 
role in the origin of the rearrangement, although the two Alu repeats were truncated 
at non-homologous positions suggesting that the repeats were not aligned during the 
rearrangement. Splicing of exon 3 to exon 6 in the mutants would lead to a predicted in-
frame deletion of 52 codons in the mRNA.
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Figure 2: MLC1 mutations in patients M44 and the aff ected sibpair M58 and M59. (A) Electropherogram the exon 
2 DNA sequence of patient M44 showing homozygous insertion of a C-residue (arrow). The same mutation is 
found homozygously in patients M141 and M198 and is probably shared by all patients from a community with 
a high incidence of MLC. (B) Deletion of exons 4 and 5 in patients M58 (58) and M59 (59). Primers at the positions 
indicated by arrows (bottom) were used to amplify the genomic region from the patients, their parents (60, 61) 
and a control. (C) The control lane on the ethidium bromide stained gel shows an expected DNA fragment of 3.5 
kb. The parents, who are fi rst cousins, carry a deletion fragment of 1.3 kb. This fragment probably competes out 
the wild-type fragment during amplifi cation because of its smaller size. Sequence analysis of the 1.3-kb DNA 
fragment showed the exact breakpoints of the deletion.
The third mutation that disrupted the ORF was found homozygously in patient M177 of 
North-African origin. In this patient, the splice donor GT sequence of intron 5 is mutated 
to AT, leading to aberrant splicing from exon 5.
The mutations described above may result in mRNAs that are unstable because they 
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lack a full-Iength ORF 9. Alternatively, the mRNAs may be translated into nonfunctional 
proteins. Including the patients characterized earlier 6, 14 of our patients are homozygous 
or compound heterozygous for mutations that disrupt the ORF.
Table 1: MLC1 mutations 
Patienta Mutationb Eff ect Exon State Origin
M44, M141, M198 135insC C46 frameshift 2 Homozygous India
M58-M59 del2149 bp del90-141 4-5 Homozygousc UK/Pakistani
M177 IVS5+1 A 142 frameshift 5 Homozygous N-Africa
M57 736A>C S246R 9 Homozygousc Turkey
M90 423C>A N141K 5 Homozygous France
M94 274C>T P92S 4 Heterozygous Croatia
M89 274C>T P92S 4 Heterozygousd UK/Eastern Europe
M147 274C>T P92S 4 Heterozygous Croatia
M180 353C>T T118M 5 Heterozygous N-America
M180 635G>A G212E 8 Heterozygous N-America
M81 976T>C C326R 11 Heterozygouse Yugoslavia
M8 373T>C C125R 5 Heterozygous Italy/The Netherlands
M8 629T>A V210D 8 Heterozygous
M150-M151 255T>G C85W 3 Homozygous S-America
M155 422A>G N141S 5 Homozygous Turkey
M192 249G>T L83F 3 Heterozygous France
a Hyphens indicate sib-pairs
b Numbering starts with adenosine of start codon
c Parents are fi rst cousins
d Second mutation is Y198stop as described previously 6
e Second mutation is E153fs as described previously 6
Eleven new mutations were missense mutations involving amino acids conserved between 
mouse and man (Table 1, Figure 3). These missense mutations were not present in at 
least 100 control chromosomes and segregated with the disease in all MLC families. There 
is a small chance that a number of these mutations are rare nonpathogenic variants. This 
possibility especially exists in the heterozygous cases in which we did not fi nd a second 
mutation.
In three patients that were heterozygous for missense mutations, we could not identify 
the second mutation. If one includes the patients of our farmer study, the second 
mutation in four patients from diff erent MLC families was not identifi ed. We only screened 
exon sequences and splice junctions by DNA sequence analysis of PCR products. With 
this strategy, gross deletions of complete exons in heterozygotes may be overlooked. 
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Furthermore, we did not analyze the complete introns, the untranslated mRNA regions, 
or the promoter region, which has not yet been characterized.
We did not fi nd any MLC1 mutations in 14 MLC families, possibly because of the 
circumstances outlined above. However, four of these families were informative for 
linkage, and three families did not display linkage to chromosome 22qtel which strongly 
suggests the presence of a second locus.
Human  1    MTQE-PFREELAYDRMPTLERGRQD-----PASYAPDAKPSDLQLSKRLPPCFS  48
Mouse  1    MTREGQFREELGYDRMPTLERGRQDAGRQDPGSYTPDSKPKDLQLSKRLPPCFS  54
Human  49   HKTWVFSVLMGSCLLVTSGFSLYLGNVFPAEMDYLRCAAGSCIPSAIVSFTVSRRNANVI  108
Mouse  55   YKTWVFSVLMGSCLLVTSGFSLYLGNVFPSEMDYLRCAAGSCIPSAIVSFAVGRRNVSAI  114
Human  109  PNFQILFVSTFAVTTTCLIWFGCKLVLNPSAININFNLILLLLLELLMAATVIIAARSSE  168
Mouse  115  PNFQILFVSTFAVTTTCLIWFGCKLILNPSAININFNLILLLLLELLMAATVIISARSSE  174
Human  169  EDCKKKKGSMSDSANILDEVPFPARVLKSYSVVEVIAGISAVLGGIIALNVDDSVSGPHL  228
Mouse  175  EPCKKKKGSISDGSNILDEVTFPARVLKSYSVVEVIAGVSAVLGGVIALNVEEAVSGPHL  234
Human  229  SVTFFWILVACFPSAIASHVAAECPSKCLVEVLIAISSLTSPLLFTASGYLSFSIMRIVE  288
Mouse  235  SVTFFWILVACFPSAIASHVAAECPSKCLVEVLIAISSLTSPLLFTASGYLSFSVMRVVE  294
Human  289  MFKDYPPAIKPSYDVLLLLLLLVLLLQAGLNTGTAIQCVRFKVSARLQGASWDTQNGPQE  348
Mouse  295  IFKDYQPAIK-SYDVLLLLLLLLLLLQGGLNTGTAIQCVSFKVSARLQAASWDPQSCPQE  353
Human  349  RLAGEVARSPLKEFDKEKAWRAVVVQMAQ  377
Mouse  354  RPAREVVRGPLKEFDKEKAWRAVVVQMAQ  382
F W S*
M* R
S
K
F- D E
*
R *
 R S-
Figure 3: Alignment of the protein products of the human and mouse MLC1 genes. Gray block Conservative 
diff erences black blocks non-homologous diff erences. The eight predicted transmembrane domains are boxed. 
Novel missense mutations are depicted above the sequence; the positions of mutations that were reported 
earlier are indicated by asterisks. Polymorphic residues are dotted. The position of the L309M mutation implicated 
by Meyer et al. (2001) 11 in catatonic schizophrenia is indicated by an arrow
Two polymorphisms were found leading to alterations of amino acid residues in the 
protein. The allele 512GoT resulting in C171F did not segregate with the disease and 
was also present with a frequency of 12.5% in the control population. Seven families in 
our group of 42 MLC families had this polymorphism. A complicated polymorphism was 
present in and around exon 11 in four patients from Turkey, France, and Croatia (Figure 4). 
The DNA region of the exon 11/ intron 11 junction contained a number of imperfect direct 
repeats of variable length. In this region, a fragment of 33 bp that overlaps the junction 
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was duplicated imperfectly. The duplicate replaced the original copy and did not disturb 
the ORF of the gene. The rearrangement was linked to a missense mutation N344S, two 
silent mutations in exon 11, and three point mutations in introns 10 and 11 that probably 
arose concomitantly with the duplication. The polymorphic amino acid serine at position 
344 is present at the homologous position in the mouse, suggesting that it may not aff ect 
the function of the protein product. The rearrangement was present heterozygously (one 
individual) and homozygously (one individual) in a control group of 59 healthy individuals, 
indicating that it is a polymorphism. A similar result was obtained by McQuillin et al. 2002 
10 who detected the same polymorphism in a group of healthy Irish and British individuals. 
Patients M57 and M90 were homozygous for the polymorphism and for two diff erent 
missense mutations that were not present in a control group of at least 100 chromosomes 
(Table 1). The fi nding that, the rearrangement was linked to diff erent mutations and 
present in patients from diverse origins indicates that it is historically old.
M57 ctgggccactctgttcacacctccttctgcctgcagCCATCCTACGATGTGCTGCTGCTG
WT  ctgggccactctgctcacacctccttccgcctgcagCCATCCTACGATGTGCTGCTGCTG
MLC1                             P  S  Y  D 
V  L  L  L  306
M57 CTGCTGCTGCTAGTGCTCCTGCTGCAGGCCGGCCTCAACACGGGCACCGCCATCCAGTGT
WT  CTGCTGCTGCTAGTGCTCCTGCTGCAGGCCGGCCTCAACACGGGCACCGCCATCCAGTGC
MLC1 L  L  L  L  V  L  L  L  C  A  G  L  N  T  G  T  A  I  Q  C  326
M57 CTGCGCTTCAAGGTCAGCGCAAGGCTGCAGGGTGCATCCTGGGACACCCAGAGCGGCCCG
WT  CTGCGCTTCAAGGTCAGTGCAAGGCTGCAGGGTGCATCCTGGGACACCCAGAACGGCCCG
MLC1 V  R  F  K  V  S  A  R  L  Q  G  A  S  W  D  T  Q  N  G  P  346
M57 CAGGAGCGCCTGGCCGGGGAGgtgagtggcctgtggggtgggggtgctggggaggtgagt
WT  CAGGAGCGCCTG---------------------------------GCTGGGGAGgtgagt
MLC1 Q  E  R  L                                   A  G  E        350
M57 ggcctgcagggggagggggcgctggggaggtgagtggcccacgggggtgcccagccaggg
WT  ggcctgcagggggagggggcactggggaggtgagtggcccacgggggtgcccagccaggg
*
*
A  G  E
S
*
* *
Figure 4: Polymorphic rearrangement of the exon 11 genomic DNA region of MLC1 in patient M57. A 33-bp DNA 
fragment overlapping the exon 11/ intron 11 junction is duplicated imperfectly. The rearrangement is linked to 
an amino acid substitution N344S as indicated above the DNA sequence and to fi ve silent mutations indicated by 
asterisks. The same polymorphism is found homozygously in patients M90, M94 from France, and heterozygously 
in patient M99 from Croatia. In patient M99, we could not detect a pathogenic mutation. Lower case letters Intron 
sequences. The translation of the wild type exon 11 sequence is shown below the DNA sequence
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Of the 15 known missense mutations, 14 were situated in a putative transmembrane 
domain. In contrast, the two polymorphic amino acid residues were not located in a 
transmembrane domain (Figure 3). Apparently, the function of the MLC1 protein is 
more sensitive to changes in the transmembrane domains and less so to changes in the 
hydrophilic parts of the protein.
As a group, the patients who could not synthesize full-length MLC1 protein were not 
more severely aff ected than the group of patients with missense mutations. Severe and 
mild cases occurred in both groups, so there appeared to be no phenotype-genotype 
correlation.
The MLC protein is 87% identical to a translated mouse mRNA reconstructed from public 
expressed sequence tag data (Figure 3). Sequences that encode proteins homologous to 
MLC1 are only found in vertebrates. No similarity between the MLC1 protein and proteins 
with known function has been found.
Recently, Meyer et al. 2001 11 associated the MLC1 mutation L309M with periodic catatonia, 
an inherited subtype of catatonic schizophrenia, in one extended family. Only 40% of the 
family members that have the allele developed periodic catatonia. Evidence suggestive 
for linkage between the disease and chromosome 22qtel had been obtained earlier with 
this family 12. In contrast to MLC, periodic catatonia is inherited dominantly. We have found 
a wide spectrum of mutations of MLC1 that are carried by the parents and a majority 
of the healthy siblings of MLC patients, but symptoms of catatonic schizophrenia have 
never been observed in these individuals. Our fi ndings indicate that the MLC1 gene may 
not be involved in catatonic schizophrenia. However, the L309M mutation is located in 
a transmembrane domain in which we have not found mutations in MLC patients. We 
cannot exclude the possibility that the mutation has a unique phenotype with another 
mode of inheritance and lower penetrance than mutations in the remainder of the gene.
Meyer et al. 2001 11 also suggested similarity of the MLC1 gene product to voltage-
dependent potassium channels. References were made to mutations in two potassium-
channel-encoding genes involved in disease. First, missense mutations in the potassium-
channel gene KCNA1 cause episodic ataxia type 1 13,14. Second, a frameshift mutation in 
the KCNQ2 potassium-channel gene causes a type of neonataI human epilepsy 15. Both 
diseases are inherited in an autosomaI dominant mode, as is periodic catatonia. However, 
after analyzing the amino acid sequence of the MLC1 product, we were not able to identify 
any of the amino acid sequence signature motifs for cation channels as defi ned in the URL 
www.expasy.ch/prosite. The role of the MLC1 product must be elucidated by functional 
studies.
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MLC: an update and extended mutation analysis
Abstract
Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is an autosomal 
recessive cerebral white matter disorder in children. This disease is histopathologically 
characterized by myelin splitting and intramyelinic vacuole formation. MLC is caused by 
mutations in the gene MLC1, which encodes a novel protein, MLC1. Since the fi rst report, 
50 mutations in this gene have been found. Mutations occur throughout the entire coding 
region and include all diff erent types: 11 splice-site mutations, one nonsense mutations, 
24 missense mutations and 14 deletions and insertions. Until now, six polymorphisms 
within the coding sequence of the MLC1 gene have been reported. In about 20% of the 
patients with a typical clinical and MRI picture, no mutations in the MLC1 gene are found. 
Several of the families, in which no mutations are found, also do not show linkage with the 
MLC1 locus, which suggests a second gene involved in MLC. The absence of mutations 
may also be the consequence of performing standard mutation analysis that can miss 
heterozygous deletions, mutations in the promoter, 3’and 5’untranslated regions, and 
intron mutations, which may infl uence the amino acid composition of the end product. In 
this paper we describe 13 novel mutations including those found with extended mutation 
analysis on MLC patients. This study shows that extended mutation analysis is a valuable 
tool to identify at least some of the missing mutations. Therefore we suggest extended 
mutation analysis for the MLC1 gene, if during standard analysis no mutations are found.
Keywords
leukoencephalopathy; megalencephaly; MLC1; mutation analysis; splicing; expression
Databases fi eld
MLC1- OMIM: 605908; GenBank: NM_015166 and NM_139202
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Introduction
Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is an autosomal 
recessive neurological disorder in children (OMIM 604004) 1-4. The presence of 
macrocephaly is characteristic for the disease. Most children develop macrocephaly 
within the fi rst year of life, but some children are born with it. After several years, slow 
deterioration of motor functions occurs with cerebellar ataxia and mild spasticity, which 
eventually leads to the inability to walk. Magnetic resonance imaging (MRI), together with 
the clinical symptoms, is diagnostic and shows diff usely abnormal cerebral white matter 
with relative sparing of central structures such as the corpus callosum, internal capsule 
and brain stem 1. The presence of subcortical cysts in the anterior-temporal region and 
often also in the frontoparietal region is typical for the disease. The swelling of the 
abnormal cerebral white matter causes the macrocephaly. As the disease progresses, the 
white matter swelling decreases and cerebral atrophy ensues, while the subcortical cysts 
generally increase in size and number. Histopathologic examination of a brain biopsy from 
a MLC patient revealed that the white matter swelling was caused by countless vacuoles 
in the subcortical white matter 5. Electron microscopy of the same biopsy showed that the 
vacuole formation was related to myelin splitting at the intraperiod line and only aff ected 
the outer part of the myelin sheath 5. 
In 2000 Topçu et al. showed that the MLC1 gene is located on chromosome 22qtel 6. 
Subsequently, the MLC1 gene (also called KIAA0027 and WKL1) was identifi ed by Leegwater 
et al. in 2001 7. It contains 12 exons with a start codon in exon 2 and a 3’untranslated region 
(UTR) end of 2.2 kb. The gene exhibits two alternative splice variants (accession numbers 
NM_015166.2 and NM_139202.1), which diff er only in their 5‘UTRs. Both variants code 
for an identical protein of 377 amino acids. Northern blot analysis (http://www.kazusa.
or.jp/huge/gfi mage/northern/html/KIAA0027.html) shows that MLC1 is highly expressed 
in brain, peripheral white blood cells and spleen. Recent in situ hybridization studies have 
shown mouse mRNA MLC1 expression in glial cells, such as astrocytes, Bergmann glia and 
ependymal cells 8.
At present, nothing is known about the function of the MLC1 protein. It has no known 
functional domains and shows no signifi cant homology with proteins of known function. 
MLC1 is highly conserved between vertebrates. It was recently shown that MLC1 is a 
plasma-membrane protein, which contains eight transmembrane domains. The MLC1 
protein is expressed in all types of leukocytes and in astroglial end feet at the glial 
limiting membrane of the blood-brain and at the brain-CSF barriers 9,10. Several authors 
11,12 suggested a transporter function, but functional data are lacking. 
In several papers 7,11,13-19 mutations in the MLC1 gene have been reported. It is worth 
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noting that in some patients with a typical clinical and MRI picture no mutations in the 
MLC1 gene are found. Several of the families, in which no mutations are found, also don’t 
show linkage with the MLC1 locus, which suggests a second gene involved in MLC 7,15,20. 
However, the absence of mutations may also be the consequence of performing standard 
mutation analysis. Standard analysis is based upon sequencing PCR amplifi ed exons, 
including the boundary region up to 40-60 base pairs into the intron. This approach 
can miss heterozygous deletions, mutations in the promoter, 3’and 5’UTRs, and intron 
mutations, which may infl uence the amino acid composition of the end product. In this 
paper we describe 13 novel mutations, including those found with extended mutation 
analysis on MLC patients, and summarize the mutational reports published on MLC.
Mutations and polymorphisms in the MLC1 gene
In total 50 diff erent mutations in the MLC1 gene have been identifi ed (Table 1). The 
mutations are distributed along the whole gene and include all diff erent types: splice-
site mutations, nonsense mutations, missense mutations, deletions and insertions 
(Figure 1). Six polymorphisms within the coding sequence of the MLC1 gene have been 
identifi ed (Table 2). The number for the nucleotide changes are reported in accordance 
with GenBank entry NM_015166.2 starting from the fi rst nucleotide, the start codon, as 
suggested in Den Dunnen and Antonarakis et al. in 2000 21. The genomic DNA sequence 
(reverse complement of sequence NT_019197.4; the MLC1 gene encompasses nucleotides 
218710-2440146) is used for one particular mutation, since the deletion extends beyond 
the 3’ border of the gene. The genomic DNA sequence is also used to denote the 
polymorphisms in Table 3.
Splice-site mutations
A total number of 11 splice-site mutations have been identifi ed (Table 1). Three splice-site 
mutations are in intervening sequence (IVS) 5, two diff erent mutations in IVS2 and IVS10 
each, and one in IVS3, IVS7, IVS8 and IVS11 each. 
In this paper we describe four novel splice-site mutations. The fi rst one (c.178-10T>A) was 
found to be heterozygous in a patient from Croatia. It disrupts the sequence between 
intron 3 and exon 3 and causes a complete deletion of exon 3, as detected by Reverse 
Transcription-PCR (RT-PCR). The second novel splice-site mutation is also found to be 
heterozygous in a patient from Croatia. In this patient (c.714+1G>A) the splice donor 
GT sequence of intron 8 is mutated to AT, leading to aberrant splicing of exon 8. RT-PCR 
analysis showed that this mutation causes a complete deletion of exon 8. The last two 
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novel splice-site mutations were found to be heterozygous in a patient from the USA. 
The fi rst one (c.268-1G>A) causes a complete deletion of exon 3. The second mutation 
(c.597+1G>A) causes a deletion of six amino acids of exon 7 and then continues in frame 
with exon 8.
Table 1: Overview of mutations in the MLC1 gene*
Sort 
mutation
Nucleotide change Eff ect Exon Origin Incidence Reference
Insertion and 
deletion
c.110_111insGC p.Gly38ArgfsX20 2 Turkey 2 this paper
Insertion and 
deletion
c.135_136insC p.Cys46LeufsX34 2 India (Agarwal) 40 11,13,16
Insertion and 
deletion
c.177_178delG p.Ser60AlafsX5 2 Italy 1 15
Insertion and 
deletion
c.298_423+108del p.Thr99FsX 4, 5 USA 1 this paper 
Insertion and 
deletion
c.268_422del p.Cys90_Ile141del 4, 5 Pakistan 1 24
Insertion and 
deletion
c.357_358insT p.Ala120CysFsX60 5 France 2 15
Insertion and 
deletion
c.460_461insGGAGC p.Leu154ArgfsX8 6 Yugoslavia 1 7
Insertion and 
deletion
c.449_455del p.Leu150ArgfsX8 6 Turkey, Middle 
East, USA
3 7
Insertion and 
deletion
c.594_597del p.Tyr198X 7 Croatia, Brazil, 
Portugal, USA
8 7
Insertion and 
deletion
c.597_598delA+33 p.Gly206X 7 Brazil 1 this paper 
Insertion and 
deletion
c.849_859delC p.Ile282fsX 10 Italy 1 15
Insertion and 
deletion
c.908-918delinsGCA p.Val303GlyfsX95 11 Turkey, Poland 2 7,14
Insertion and 
deletion
c.910_915del p.Leu304_Leu305del 11 Unknown 1 14
Insertion and 
deletion
g.240706_251959del# p.Gln355fsX10 12 France 1 this paper
Missense c.176G>A p.Gly59Glu 2 Libyan Jew 11 13
Missense c.206C>T p.Ser69Leu 3 Brazil 1 this paper
Missense c.240G>A p.Met80Ile 3 Brazil 1 this paper 
Missense c.249G>T p.Leu83Phe 3 France, Turkey 2 15,24
Missense c.250C>T p.Arg84Cys 3 Poland 1 this paper 
Missense c.255T>G p.Cys85Trp 3 South America 1 24
Missense c.263G>T p.Gly88Val 3 Lybia 3 15,17
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Missense c.274C>T p.Pro92Ser 4 Croatia, 
Ashkenazi 
Jew, United 
Kingdom
6 13,24
Missense c.278C>T p.Ser93Leu 4 Japan, Turkey, 
Finland 
18 7,18,19
Missense c.353C>G p.Thr118Arg 5 Turkey 1 7
Missense c.353C>T p.Thr118Met 5 North America, 
Turkey
1 24
Missense c.373T>C p.Cys125Arg 5 Italy/
Netherlands
1 24
Missense c.422A>G p.Asn141Ser 5 Turkey 1 24
Missense c.423C>A p.Asn141Lys 5 France 2 15,24
Missense c.470C>A p.Ala157Glu 6 India 1 14,16
Missense c.629T>A p.Val210Asp 8 Italy/
Netherlands
1 24
Missense c.634G>A p.Gly212Arg 8 India, North 
America
2 7
Missense c.635G>A p.Gly212Glu 8 North America 1 24
Missense c.733G>C p.Ala245Pro 9 Spain 2 this paper 
Missense c.736A>C p.Ser246Arg 9 Turkey 1 24
Missense c.839C>T p.Ser280Leu 10 Japan 1 7,15
Missense c.880C>T p.Pro294Leu 10 Morroco 1 15
Missense c.959C>A p.Thr320Lys 11 UK/Bangladesh 1 this paper 
Missense c.976T>C p.Cys326Arg 11 Yugoslavia 2 24
Nonsense c.213C>G p.Tyr71X 3 Croatia 2 7
Splice-site c.178-10T>A Splice defect intron 2 Croatia 1 this paper 
Splice-site c.177+1G>T Splice defect intron 2 Italy 1 15
Splice-site c.268-1G>A Splice defect intron 3 USA 1 this paper 
Splice-site c.423+1G>A Splice defect intron 5 North Africa, 
Italy, USA
5 11,14,15
Splice-site c.423+6T>G Splice defect intron 5 Turkey, France 2 15
Splice-site c.423+3_423+4insT Splice defect intron 5 India 1 7
Splice-site c.597+1G>A Splice defect intron 7 USA 1 this paper 
Splice-site c.714+1G>A Splice defect intron 8 Croatia 1 this paper 
Splice-site c.895-1G>C Splice defect intron 10 Italy 1 15
Splice-site c.895-2A>G Splice defect intron 10 Turkey 1 7
Splice-site c.1060-2A>G Splice defect intron 11 Japan 1 7
*DNA mutation numbering is based on cDNA sequence (GenBank entry NM_015166.2). Nucleotides numbered 
from the ATG initiator codons 21. 
#DNA mutation numbering is based on genomic DNA sequence (reverse complement of NT_019197.4).
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Nonsense mutations
Only one nonsense mutation c.213C>G (p.Tyr71X) has been reported (Table 1). The 
predicted premature stop should result in a truncated protein. 
Missense mutations
This is the most numerous group of MLC1 mutations, with a total number of 24 identifi ed 
changes (Table 1). The mutations are distributed evenly in number and throughout the 
whole gene. In fi ve unrelated Libyan Jewish families and in several patients from a single 
Jewish Turkish family, descending from the same ancestors, the same common mutation 
(c.176G>A), which leads to p.Gly59Glu, was found 13. 
In the current study, we have identifi ed fi ve novel missense mutations. The fi rst mutation 
c.206C>T, causing a p.Ser69Leu change, was found to be heterozygous in a patient from 
Brazil. The c.240G>A, causing the p.Met80Ile change, was found to be both heterozygous 
and homozygous in 2 unrelated patients from Brazil. The third mutation c.250C>T 
(p.Arg84Cys) was found to be homozygous in a patient from Poland. In two aff ected 
siblings from Spain, the fourth homozygous mutation c.733C>G (p.Ala245Pro) was found. 
The last mutation, c.959C>A (p.Thr320Lys), was found homozygous in two aff ected 
siblings from Bangladesh. The latter patients were described by Harbord et al. 22. All these 
mutations were absent among 100 normal individuals and segregated with the disease 
in all MLC patients. 
Figure 1: Amino acid position of the diff erent mutations. The diff erent mutations types are depicted in the image 
legend. 
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Deletion and insertions
In total, 14 diff erent deletions or insertions have been identifi ed (Table 1). All deletions 
or insertions cause frame-shifts and the appearance of premature truncation codons, 
probably leading to loss of function. The insertion (c.135_136insC) causing a frame-shift 
and the appearance of a premature stop at position 46 is the most common mutation 
with a founder eff ect in the Agarwal community from India 11,16. 
In this study, one novel insertion and three novel deletions are described. The insertion 
c.110_111insGC was found to be homozygous in a patient from Turkey. The p.Gln38ArgFsX20 
results in a frame-shift and the appearance of a premature stop at position 20. In a patient 
from the USA a deletion c.298_423+108del (p.Thr99FsX) was found to be homozygous. 
This mutation causes complete deletion of exon 4 and 5, according to RT-PCR. The second 
deletion c.597_598delA+33 was found to be homozygous in a patient from Brazil and 
causes a direct stop at position 206 (p.Gly206X). In one patient from France (patient 
EL99) we were unable to detect exon 12 by PCR using the primers that are regularly 
used. Several other primer pairs in this region spanning IVS11 and exon12 (containing 
the last part of the coding sequence and the complete 3’UTR) also failed. Therefore, 
3’ rapid amplifi cation of cDNA ends (3’RACE) was performed on total RNA isolated from 
the patient’s lymphoblasts to determine the size of the possible deletion. Analysis of the 
resulting cDNA product revealed that the deletion spanned at least 10 kBp. Subsequent 
analysis with additional primers on genomic DNA showed a deletion of 10,251 bp 
g.240706_251957del (p.Gln355fsX10) (Figure 2). The presence of a stretch of 17 T residues 
preceding the two break points is remarkable. 
Figure 2: Schematic presentation of the deletion in patient EL99. Exons are indicated with boxes. The numbering 
of the sequence 240706 and 251957, according to the reverse complement of sequence NT_019197.4, indicates 
the last T-residue of the two oligoT-stretches. Sequencing of genomic DNA reveals that the break points on either 
side of the deletion reside in the sequences indicated in italic and bold. 
Polymorphisms
Six diff erent non-synonymous coding polymorphisms have been identifi ed within the 
coding region (Table 2). The fi rst c.512G>T, causing the p.Cys171Phe change, is found 
with a frequency of 12.5% in the control population 8,11,14. In a recent series of controls we 
found that the allelic frequency of the T allele appeared to be 0.21 (n=60). The second 
polymorphism c.1165ins33 is a very complex rearrangement, involving an imperfect 
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duplication of a 33 bp fragment (Table 2) 11,14,23. It is present in the heterozygous form 
in 23% of the individuals in the European population 14. Leegwater et al. and Rubie et 
al. conclude that it does not to disrupt the reading frame of the fi nal protein, whereas 
McQuillin et al. suggest that this polymorphism leads to an insertion of 11 amino acids 
(p.Gly352_Glu353insGlyGluValSerGlyLeuTrpGlyGlyGlyAla) in the protein 11,14,23. We have 
sequenced cDNA of one of our MLC patients who carries this polymorphism in the 
homozygous form. Our data prove that the model of Leegwater et al. 11 and Rubie et al. 14, in 
which the protein is not aff ected by this genomic rearrangement, is correct. A hypothetical 
splice-site suggested in this model does indeed function as a donor site. Interestingly, 
this polymorphism seems also in perfect linkage disequilibrium with a missense mutation 
c.1031A>G (p.Asn344Ser), the third polymorphism (Table 2). The fourth polymorphism, 
c.651C>A (p.Asn218Lys), has been reported by Rubie et al. 14 with an allelic frequency of 
1.1% (Table 2). We found this variant to be heterozygous in an MLC patient with no other 
mutations, suggesting that this patient may have two mutations in the hypothetical MLC2 
gene. The other argument for this variant to be a polymorphism instead of a pathogenic 
mutation is that the frequency is too high. An allelic frequency of 0.006 (n=195) would 
result in fi ve to six Dutch patients homozygous for this mutation each year. This is not the 
case, as the disease MLC is extremely rare in the Dutch population.  
Table 2: Common polymorphic variants of the MLC1 gene#
Exon DNA Change Protein Change Frequency Reference
6 c.512G>T p.Cys171Phe 12.5 % 14,24
8 c.651C>A p.Asn218Lys 1.1 % 14
11 c.925C>A p.Leu309Met 0.7 % 12,14,23
11 c.1031A>G p.Asn344Ser 11.0 % 23
11 c.1165ins33 None 23% 11,14
3’ UTR c.*731ins51 None Not available This paper; see Figure 3
#DNA mutation numbering is based on cDNA sequence (GenBank entry NM_015166.2). Nucleotides numbered 
from the ATG initiator codons 21. 
While sequencing the region corresponding to the 3’ UTR one novel polymorphism 
was found: a repeat sequence of 51 bp was found to be deleted c.*731del51 in one of 
our patients (Table 2). Analysis of one other patient and two controls revealed that this 
sequence was present either as one, two or three copies (Figure 3). A blast search of the 
human Expressed Sequence Tags (EST) database (www.ncbi.nlm.nih.gov/BLAST) with the 
repeat sequence indicated that the three repeat form is the most common variant (8 out 
of 11 ESTs). To study the possible eff ect of this repeat sequence on the expression of the 
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protein, the 3’UTR regions containing either 1, 2 or 3 repeats were cloned downstream 
of a Luciferase reporter construct. Luciferase assays with lysates from transfected cells 
showed that the diff erent repeats did not show substantial diff erences in luciferase 
expression levels, although expression from constructs with fewer repeats tended to be 
somewhat higher. Therefore, the possibility that this repeat aff ects either mRNA stability or 
translation signifi cantly is unlikely, and the repeat appears to be a genuine polymorphism. 
The repeat sequence is conserved in the MLC1 mRNA from Macaca fascularis (one repeat 
sequence) and from Pan troglodytes (two repeats).
Figure 3: A 51 bp repeat in the MLC1 3’UTR does not aff ect expression. (A) Part of the sequence of the MLC1 3’UTR 
containing 51 bp repeats. The start of the three repeats is indicated by arrowheads. (B) Agarose electrophoresis 
analysis of PCR fragments containing diff erent numbers of repeats as indicated on the right of the indicated 
patients (EL18 and EL637) and controls. (C) The diff erent forms of the 3’UTR of MLC1 with 1, 2 or 3 repeats from the 
samples shown in panel B were cloned downstream from a Luciferase reporter gene for expression in transfected 
HEK293 cells. (D) Luciferase expression in transfected HEK293 cells. The expression of Firefl y Luciferase was 
corrected for transfection eff ciency by simultaneously measuring Renilla Luciferase using the Promega Dual 
Luciferase kit (Promega; www.promega.com). The samples are indicated below the bars, the number behind the 
dash indicates the number of 51 bp repeats that was present in the construct.
T
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The sixth polymorphism c.925C>A has been debated in several papers 9,11,12,14,23-26, which 
describe the possible association of a leucine to methionine change at position 309 with 
schizophrenia. A recent paper reported on the association of schizophrenia and bipolar 
disorder with MLC1 mutations 27. Although suggestive of linkage, the authors could 
not exclude that a gene in the vicinity of MLC1 is involved rather than MLC1 itself. The 
lack of functional assays makes the further study on these mutations diffi  cult. Teijido et 
al. 9 studied the eff ect of the p.Leu309Met mutations on total and plasma membrane 
expression. No changes were observed for the p.Leu309Met polymorphism (Table 2). 
Single Nucleotide Polymorphisms
While performing mutation analysis a large number of controls were also sequenced 
for the diff erent exons. The latter gave us additional data for several non-coding single 
nucleotide polymorphism (Table 3).
Table 3: A number of SNP frequencies in the genomic sequence of MLC1 
dbSNP-identifi er DNA variant Position Controls (n) Allele frequencies
Our data Ensemble database
(www.ensembl.org)
dbSNP11568171:C>T g.219107C>T intron 90 T=0.00 T=0.2 Asia
dbSNP137930:A>G g.219181A>G intron 90 G=0.34 G=0.34 W-Europe
dbSNP11568172:C>T c.366C>T p.Thr122Thr 50 T=0.00 T= 0.001 Asia
dbSNP79301:C>T g.223891C>T intron 90 T=0.07 T=0.043 Africa 
T=0.13 Europe
T=0.00 Asia, 
T=0.01 USA (black)
dbSNP2072874:G>T g.226806G>T Intron 25 T=0.12 T=0.18 Japan
dbSNP6010165:C>T c.594C>T p.Tyr198Tyr 75 T=0.16 T=0.08 Yoruba (Africa)
dbSNP2038048:G>A g.229997G>A Intron 50 A=0.45 A=0.214 Japan
dbSNP2076135:C>A* g.233717C>A Intron 50 A=0.15 No data available
dbSNP2076134:T>C* g.233719T>C Intron 50 C=0.15 No data available
dbSNP11568180:C>T c.828C>T p.Ser276Ser 100 T=0.00 T=0.002 India
dbSNP11568179:C>T g.235595C>T intron 100 T=0.21 T=0.230 India
#DNA mutation numbering is based on genomic DNA sequence (reverse complement NT_919197.4) for intronic 
variants. For the variation in the coding region the numbering is based on cDNA sequence (GenBank entry 
NM_015166.2). Nucleotides numbered from the ATG initiator codons 21.
* dbSNP2076134 and dbSNP2076135 are in complete linkage disequilibrium
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Genotype-phenotype correlation
MLC patients show variability in severity of clinical symptoms and disease 
progression 7,16. Some patients have a more severe clinical course and never learn to 
walk, or lose their ability to walk within a few years. In contrast, some patients have a 
milder clinical course and have, even as teenagers, only macrocephaly as a symptom. 
Other patients still walk independently in their forties. So far, no genotype-phenotype 
correlation has been found 20. In addition, no clinical diff erences have been observed 
between patients with a genetically confi rmed mutation in the MLC1 gene and patients 
without a mutation in the MLC1 gene 9,15. Even within individual families, there is a variety 
in clinical course and severity. A possible explanation might be environmental factors or 
genetic modifi ers that may infl uence the severity of the disease within individuals with 
the same mutation. Another reason for the absence of a clear genotype-phenotype 
correlation is off ered by the study of Teijido et al 9,11,16, which showed a common behaviour 
of the protein for all of the following mutations: c.353C>T (p.Thr118Met), c.634G>A 
(p.Gly212Arg), c.839C>T (p.Ser280Leu), c.976T>C (p.Cys326Arg). These mutations cause a 
decreased surface expression and a reduced half-life of the mutant protein at the plasma 
membrane, indicating that the eff ect of missense mutations at the cellular level may not 
be essentially diff erent from the eff ect of mutations compromising the expression of the 
full-length MLC1 protein.  
Evidence of a founder eff ect
There are several reports of possible founder eff ects. The most common founder eff ect 
mutation is in the Indian Agarwal community. All patients within this community share the 
same insertion (c.135_136insC) causing a frameshift and the appearance of a premature 
stop at position 46 11,16. In addition, Ben-Zeev has described a common mutation, c.176G>A, 
which leads to the p.Gly59Glu substitution at the protein level, in fi ve unrelated Libyan 
Jewish families and in several patients from a single Jewish Turkish family, descending 
from the same ancestors 13. This mutation has recently been reported in two other related 
Lebanese patients 17. The c.278C>T (p.Ser93Leu) mutation was found in six of seven 
Japanese patients, indicating that this is a common mutation in this population 19.
Expression levels of MLC1
In four patients, who show linkage to the MLC1 locus, we found no or only one mutation 
during standard mutation analysis on genomic DNA. For three of those patients 
lymphoblast cell lines were available; no evidence was found for deletions at cDNA level. 
For one of those patients, EL18, in whom we had found no MLC1 mutations, the complete 
5’UTR (1712 bp before the start codon) and 3’UTR sequences were analysed and no 
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mutations were found. Furthermore, no changes in the promoter region, according to the 
genomic organization of the murine MLC1 by Steinke et al. 28 were found. Subsequently, 
real-time quantitative RT-PCR analysis (qPCR) was performed with RNA from the three 
lymphoblast cell lines. In addition, we included lymphoblasts of two patients with known 
MLC1 mutations and three control lymphoblast lines. The mRNA expression level of MLC1 
was signifi cantly reduced in lymphoblasts of MLC patient EL18, in whom we had not 
identifi ed mutations in MLC1, as compared to normal lymphoblast cell lines (Figure 4). In 
MLC patient EL27, who was found to be heterozygous for the c.178-10T>A mutation and 
in whom we were unable to fi nd the second mutation, a marked increase (more than 15-
fold) in MLC1 expression was detected. However, was this mainly due to expression of the 
mutant allele in which a splice-site is present. qPCR analysis with primers specifi c for exon 
3 revealed normal expression of the other allele. The third patient, EL637, in whom we 
could fi nd only one mutation c.976T>C (p.Cys326Arg), also showed a reduced MLC1 mRNA 
expression, although to a much smaller degree than in the fi rst two patients (Figure 
4). MLC patient EL99, who is homozygous for the g.240706_251957del (p.Gln355fsX10) 
mutation, as described above, and patient EL629, who is homozygous for the Agarwal 
mutation, were included as disease controls, and they showed mildly increased or normal 
MLC1 expression, respectively. 
Figure 4: MLC1 mRNA expression. Total RNA was isolated from immortalized lymphocytes using Trizol. cDNA was 
made with SuperScript™ III. RT (Invitrogen, Breda, The Netherlands; www.invitrogen.com) and qPCR reactions 
were carried out in the presence of SYBR green according to the manufacturers’ protocol (Applied Biosystems, 
Nieuwerkerk a/d IJssel, The Netherlands; www.appliedbiosystems.com). qPCR reactions were performed with 
primers spanning about 100 nucleotides (light gray bars) or with primers specifi c for exon3 (dark gray bars). The 
bars represent the change of expression (fold) in the patients compared to two times the mean of three control 
cell lines.
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Discussion
Diagnostic relevance
The analysis of the MLC1 gene reveals considerable molecular heterogeneity. Until now, 
50 diff erent mutations distributed along the whole gene have been found. In only three 
communities a possible founder eff ect exists, namely in the Indian Agarwal community 
c.135_136insC (p.Cys46LeuFsX34), some Libyan Jewish families and one Turkish Jewish 
family c.176G>A (p.Gly59Glu) and some Japanese families c.278C>T (p.Ser93Leu). In 80% 
of the classical MLC cases, diagnosed by clinical and MRI criteria, mutations in the MLC1 
gene are found and most families have private mutations. A diagnostic problem arises 
if no MLC1 mutations are found. Since there is evidence for a second gene for MLC, the 
absence of a mutation does not mean that this patient does not have MLC. 
Another reason for missing mutations may reside in standard mutation analysis. In this 
paper we describe three novel deletions and reduced expression levels in three patients, 
which were found only because an extended analysis was performed. Although we were 
not able to fi nd mutations after sequencing the promoter, 3-prime or 5-prime UTRs, the 
linkage data together with a reduced expression level suggest mutations in the MLC1 
gene or a gene in the nearby region infl uencing the expression of the MLC1 gene. 
Extended mutation analysis
This study shows that extended mutation analysis can identify at least some mutations 
missed with the standard analysis. Therefore, we suggest that, if during standard analysis 
no mutations are found, cDNA of patient-derived lymphoblasts should be sequenced. This 
approach should show any missed splice-site mutation. If still no mutations are found, it 
will be interesting to perform qPCR to elucidate diff erences in expression levels of the 
MLC1 gene. The qPCR results may provide extra evidence for involvement of the MLC1 
gene (see EL18 and EL27 in Figure 4). It should be noted that fi broblasts cannot be used 
for this type of analysis, as MLC1 is not expressed in this cell type. We have three patients 
in whom only one mutation could be detected at the genomic level. Unfortunately, we do 
not have lymphoblasts cell lines of these patients for the extended analysis as described 
above. 
Since there is evidence for a second gene for MLC, the absence of a mutation may also 
mean that this patient does not have a mutation in the MLC1 gene. If the family of this 
patient is informative we suggest to perform linkage analysis with the microsatellite 
markers, as described by Leegwater et al in 2001 7.
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Future prospects 
A more thorough search for mutations responsible for MLC is essential for diagnosis of 
this disease, genetic counseling and prenatal diagnosis. Almost all mutations that are 
found are private mutations, except for patients from the Agarwal community. Therefore, 
mutation analysis of only common mutations is not adequate in new patients. 
The broad phenotypic variation among the patients from the Agarwal community, who 
all share the same mutation, indicates that a simple genotype-phenotype correlation 
does not exist. A more extensive description of the clinical phenotype of MLC patients, 
together with their mutational genotype, might provide more insight into genotype–
phenotype correlations and indicate the existence of possible modifi er genes or provoking 
environmental factors. At the biochemical level, elucidation of the function of MLC1 will 
be necessary to understand the precise molecular mechanisms whereby mutations in this 
gene lead to myelin vacuolation.
In this respect, identifi cation of the second gene involved in MLC may provide important 
clues for the possible function of MLC1. Given the expression of MLC1 in leukocytes, 
patient-derived white blood cells could form a suitable tool for determining the function 
of MLC1 and for studies on the eff ects of possible drugs aff ecting the activity of the 
protein. 
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Abstract
Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is a progressive 
cerebral white matter disease in children caused by mutations in the gene MLC1. This 
disease is histopathologically characterized by myelin splitting and intramyelinic vacuole 
formation. MLC1 encodes a novel protein, MLC1, which is mainly expressed in brain and 
leukocytes. The function is unknown, although a transport function has been suggested. In 
this paper, we provide experimental data addressing the membrane topology and cellular 
localization of MLC1. We show that MLC1 contains an even number of transmembrane 
domains, supporting the possible transport function of MLC1. We demonstrate that MLC1 
is specifi cally expressed in distal astroglial processes in perivascular, subependymal and 
subpial regions. This localization suggests a role for MLC1 in a transport process across 
the blood-brain and brain-CSF barriers. Astrocyte functions have long been debated. It is 
becoming increasingly clear that these cells are of fundamental importance in maintaining 
the structural and functional integrity of neural tissue. Elucidation of the function of MLC1 
will contribute to a better understanding of not only the pathophysiology of the disease, 
but also the role of astrocytes in normal neural tissue.
Keywords
MLC1, astrocytes, blood-brain barrier, blood-CSF barrier, transmembrane domain, 
leukoencephalopathy
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Introduction
Megalencephalic leukoencephalopathy with subcortical cysts (MLC, MIM 604004) is a 
rare neurological disorder in children with an autosomal recessive mode of inheritance 1-4. 
Patients develop macrocephaly within the fi rst year of life. There is a delayed onset of slow 
motor deterioration with ataxia and mild spasticity. Cognitive deterioration is usually late 
and mild. Magnetic resonance imaging (MRI) is used to establish the diagnosis and shows 
diff usely abnormal, mildly swollen cerebral white matter and subcortical cysts, invariably 
in the anterior-temporal area, but often also in the frontoparietal region 1. Histopathology 
of a brain biopsy revealed a normal cortex and countless microscopic vacuoles in the 
subcortical white matter. Electron microscopy revealed splitting of the outer myelin 
lamellae and intramyelinic vacuole formation 5. In 2000, Topçu et al. established linkage 
of MLC with chromosome 22qtel 6. Subsequently, mutations in the gene MLC1 have been 
identifi ed as a cause for MLC 7-9. Not all MLC patients carry mutations in the MLC1 gene and 
most likely a second gene is involved 9,10. Northern blot analysis has shown that human 
MLC1 mRNA is predominantly expressed in brain and leukocytes (http://www.kazusa.
or.jp/huge/gfi mage/northern/html/KIAA0027.html). Recently the exclusive expression of 
MLC1 mRNA in glial cells in the murine brain was reported 11. 
Thus far, nothing is known about the function of the MLC1 protein. MLC1 has orthologues 
in other vertebrates, but no signifi cant homology with proteins of known function 
has been found. The presence of several putative transmembrane domains led to the 
suggestion that MLC1 has a transporter function 9. Here, we provide the fi rst experimental 
data addressing the membrane topology and cellular localization of the MLC1 protein.
Material and Methods
Aligment of MLC1 sequences from diff erent vertebrates
The MLC1 sequences from diff erent vertebrates were aligned using ClustalW software. 
The eight transmembrane domains were predicted by the Tmpred program. Accession 
numbers of the MLC1 sequences used are: human-Q15049 (NCBI); Mouse-AAH24719 
(NCBI); rat-XM_235558 (NCBI); Chicken-CF620115 (NCBI) and TC88673 (TIGR Gallus gallus 
Gene Index); Fugu-SINFRUP00000078435 (NCBI, predicted proteins in Fugu rubripes 
genome); Trout-TC31717 and TC42331 (TIGR Oncorhynchus mykiss Gene Index).
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MLC1: a novel protein in distal astroglial processes
Generation of MLC1 specifi c antibodies
Anti-MLC1 polyclonal antibodies were raised in rabbits, using the Eurogentec Double 
XP program (Eurogentec, Seraing, Belgium), against synthetic peptides corresponding 
to amino acids 2-17 (N-terminus) and amino acids 337-351 (C-terminus) of human MLC1. 
Eurogentec performed affi  nity purifi cation of these antibodies. 
Cell Culture
The astroglial SV40 transformed SVG-p12 cell line (ATCC no. CRL-8621; Manassas, VA) were 
cultured in complete AmnioMAX C100 medium (Invitrogen, Breda, The Netherlands) and 
HeLa cells in RPMI medium (Invitrogen) supplemented with 10% heat inactivated FCS 
(Invitrogen). Isolation of human adult control astrocytes was performed as previously 
described by De Groot 12 and cultured in DMEM/HAMF10 medium supplemented with 
10% heat-inactivated FBS (Integro, Zaandam, The Netherlands), 2 mM L-glutamine, 100 
IU/ml penicillin, and 50 Pg/ml streptomycin-sulfate according to Hulshof et al. 2002 13. 
Cloning of pEGFP-MLC1 and HA-MLC1
The PCR amplifi ed human MLC1 cDNA sequence was cloned as XhoI-SacII digested 
fragment into pEGFP-N1 vector (BD Biosciences, San Jose, CA), or as SacI-EcoRI fragment 
into a pCDNA3.1 vector, which already contained a double HA-tag. The coding sequences 
in the resulting constructs, pEGFP-MLC1 and HA-MLC1, were both verifi ed by sequencing 
on an ABI sequencer (Applied Biosystems, Foster City, CA).
Transfection
SVG-p12 and HeLa cells were transfected using FuGENE6 transfection reagent (Roche, 
Basel, Switzerland) and 1.5 μg of the indicated constructs, according to the manufacturer’s 
instruction.
Western Blotting
HeLa cell extracts were prepared by the addition of lysis buff er [20mM Hepes pH7.0; 1mM 
EDTA; 1mM DTT; EDTA-free protease inhibitor cocktail (Roche); 120mM NaCl and 0.5% Triton 
X100] in a concentration of 1 x 107 cells/ml. The nuclei were removed by centrifugation. 
To the supernatant 1 volume of 2x Sample Buff er (Sigma-Aldrich, Zwijndrecht, The 
Netherlands) was added. Ten Pl protein samples were resolved on a 12.5% SDS-PAGE and 
transferred to PVDF-membranes (Millipore, Amsterdam, The Netherlands). Membranes 
were blocked and incubated overnight at 4˚C with rabbit-anti-human MLC1-C or MLC1-N
 polyclonal antibody (1:500), anti-HA tag mouse monoclonal antibody (1:2500, Sigma-
T
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5
Aldrich) or anti-Green Fluorescent Protein monoclonal mouse antibody (1:10.000; 
Invitrogen). Bound antibodies were visualized by incubation with the appropriate HRP-
conjugated secondary antibody (mouse 1:5000 and rabbit 1:2000 DAKO, Heverlee, The 
Netherlands) and subsequent enhanced chemiluminenescence (ECL system; Amersham 
Biosciences, Piscataway, NJ) according to the manufacturer’s instructions. 
Immunofl uorescent staining on permeable and nonpermeable cells
A 6-wells plate of HeLa cells transfected with pEGFP-MLC1 were fi xed with 4 % 
paraformaldehyde. The plasma membranes of the cells in 3 wells were permeabilized by 
incubating the cells in PBS containing 0.2 % Triton-X for 10 minutes at room temperature 
(RT). The other 3 wells were left untreated. All antibodies were diluted in PBS containing 
3% normal goat serum (NGS; DAKO) and used in subsequent steps at RT. Cells were pre-
incubated with 3% NGS and incubated with MLC1-C or MLC1–N primary antibody (1:100) 
overnight at 4˚C. In the negative controls primary antibodies were omitted. Primary 
antibodies were visualized with Texas-red labeled swine-anti-rabbit (Abcam, Cambridge, 
United Kingdom) and mounted with Vectashield (Vectorlabs, Burlingame, CA).
Immunofl uorescent staining of leukocytes
To obtain leukocytes from peripheral blood, 45 ml of ammonium chloride lysis reagent 
(BD Biosciences) was added to a 5 ml peripheral blood sample. Cells were collected and 
adjusted to a concentration of 1 x 106 leukocytes/ml. All antibodies were diluted in PBS 
containing 0.1% BSA. The cell membranes were labeled with diff erent fl uorochrome-
conjugated monoclonal antibodies specifi c for 3 diff erent types of leukocytes (PE labeled 
CD15 for granulocytes (1:50 Beckman Coulter, Mijdrecht, The Netherlands); PerCP labeled 
CD45 for lymphocytes (1:20; BD Biosciences) and APC labeled CD14 for monocytes (1:200; 
BD Biosciences). Then the cells were fi xed with 1% paraformaldehyde, permeabilized by 
FACS lysis solution (BD Biosciences) and incubated with MLC1-N primary antibody (1:50) 
for 30 minutes. Bound antibody was detected using FITC-labeled secondary antibody 
(1:50 DAKO). In negative control samples the primary antibody was omitted. Samples 
were analyzed on a FACSCalibur fl ow cytometer (BD Biosciences). CellQuest software (BD 
Biosciences) was used for data acquisition and analysis. 
Immunofl uorescent staining cytospins of monocytes
Cytospins were made and cells were fi xed in acetone and incubated with MLC1-N 
antibody (1:50) overnight at 4˚C. All antibodies were diluted in PBS containing 1% BSA, 
0.1% blocking reagent (Roche) and 2% normal sheep serum (DAKO). Primary antibodies 
were detected using DIG-labeled sheep-anti-rabbit antibodies (1:50; Roche) and anti-
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DIGpod (1:100; Roche). Bound antibodies were visualized by incubation with FITC-tyramine 
complexes. In negative controls primary antibody was omitted. Slides were mounted in 
Vectashield supplemented with Hoechst 33342 (1 μg/ml).
Immunocytochemical staining of cultured astrocytes 
Immunocytochemistry was performed on both primary control astrocytes and on the 
astroglial SV40 transformed SVG-p12 cell line. Before immunocytochemical staining, the 
human astrocyte cultures were tested for immunoreactivity of glial fi brillary acidic protein 
(GFAP), glutamine synthetase and with monoclonal antibodies LeuM5 (CD11c) and LeuM3 
(CD14; BD Biosciences, Belgium). More than 95% of the cells were GFAP positive and less 
than 1% of the cells were CD11c or LeuM3 positive, indicating that almost all cells are 
astrocytes and that contamination with macrophage/microglial cells was negligible. 
Immunocytochemistry was performed as described 13. MLC1-N antibodies were used in 
1:100 dilution and polyclonal rabbit-anti-cow GFAP (DAKO) in 1:300 dilution and incubated 
overnight at 4qC. Negative controls were set up omitting the primary antibodies. 
RT-PCR. 
Total RNA of primary astrocytes and HeLa cells was purifi ed using the Trizol method 
and RNeasy Mini Protocol for RNA Cleanup (Qiagen, Venlo, The Netherlands). 
For total cDNA the Superscript III Reverse Transcriptase (Invitrogen) was used 
according to manufacturer’s instruction. The following gene specifi c primers 
were used: Forward: 5’ CCGCTCGAGCCATGACCCAGGAGCCATTC 3’ and Reverse: 
5’ CTCACACAAGGGAAAAGAGGTGTTA 3’.
Immunohistochemical staining of frozen human brain tissue
Control brain tissue was obtained from patients without neurological disease and 
without neuropathologic abnormalities. Control tissue specimens consisted of neocortex, 
cerebellum, white matter and ependyma. Another brain was selected because it harboured 
gliotic white matter areas, related to active or chronic inactive multiple sclerosis plaques. 
Cryostat slides of gliotic and control brain tissue were used as described 13. MLC1-N 
antibodies were used at 1:100 dilution. In negative controls the pre-immune rabbit serum 
was used (1:100 and 1:500). 
Double immunofl uorescence staining was performed as described 13 with one 
modifi cation, i.e. 10% pooled human serum (CLB, Amsterdam, The Netherlands) was 
added during antibody incubation. Antibodies were used at the dilutions 1:100 (MLC1-N), 
1:800 (monoclonal KP1; DAKO) and 1:20 (monoclonal GFAP; Monosan, Uden, Belgium). In 
negative controls the primary antibodies were omitted. 
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Results
MLC1 is highly conserved
Figure 1 shows the amino acid alignment of human MLC1 protein and the orthologues 
from other vertebrates. The chicken and trout sequences are derived from the assembly 
of EST clones. The amino acid sequence identities between human MLC1 and mouse, rat, 
chicken, trout and puff erfi sh MLC1 are 88%, 87%, 73%, 57% and 55%, respectively. The 
sequences of mouse and rat are nearly identical and both fi sh species share 76% identity.
1 MTQE--PFREELAYDRMPTLER---------GRQ-----DPASYAPDAKPSDLQLSKR---LPPCFSHKTWVFSVLMGSC 61
1 MTREG-QFREELGYDRMPTLER---------GRQDAGRQDPGSYTPDSKPKDLQLSKR---LPPCFSYKTWVFSVLMGSC 67
1 MTREG-QFREELGYDRMPTLER---------GRQDAGRQDTGSYTPDTKPKDLQLTKR---LPPCFSYKTWVFSVLMGSC 67
1 MTREE-GYREEFSYDRMPTLER---------GKQ-----ENGNYIPDILSSDLQLSKR---LHPCFIYRTWIFSLLMGSC 62
1   --------REEFTYSHMPMLER--NGGTLGRRGERVYRPERDSYTVDVRASDLQLDHPEPLKHPCFSCRAWLYSVLIGGS 70
1 MQRDDLSAMEEFSYTQMPTLERGVGGGTVGRRG-CAERERPESYTVDVRASDLQLAHSEKPMHPCLSYRTWLYSVLIGSS 79
62 LLVTSGFSLYLGNVFPAEMDYLRCAAGSCIPSAIVSFTVSRRNANVIPNFQILFVSTFAVTTTCLIWFGCKLVLNPSAIN 141
68 LLVTSGFSLYLGNVFPSEMDYLRCAAGSCIPSAIVSFAVGRRNVSAIPNFQILFVSTFAVTTTCLIWFGCKLILNPSAIN 147
68 LLVTSGFSLYLGNVFPSEMDYLRCAAGSCIPSAIVSFAVGRRNVSAIPNFQILFVSTFAVTTTCLIWFGCKLILNPSAIN 147
63 LLITSGFSLYLGNIFPSEMDYLRCAAGSCIPSAVVSFAIARNKINVIPNFQILFVSTFAVTTTCLIWFGCKLVLNPSAIN 142
71 LLITSGFSLYLGNVFPVAMDYLRCAAGAGFPAAIASFAIAKNRNVAVSDFQVVYVSTFAVTTTCLVWFGCKLILNPSAVN 150
80 LLVTAGFSLYLGNVFPAAMDYLRCAAGSSVPAAVVSFAIAKNHHVAVSDFQVVFVSTFAVTTTCLAWFGCKLVLSPSAVN 159
142 INFNLILLLLLELLMAATVII ARSSEEDCKKKKGSMSDSANILDEVPFPARVLKSYSVVEVIAGISAVLGGIIALNVDD 221
148 INFNLILLLLLELLMAATVIISARSSEEPCKKKKGSISDGSNILDEVTFPARVLKSYSVVEVIAGVSAVLGGVIALNVEE 227 
148 INFNLILLLLLELLMAATVIISARSSEEPCKKKKGSISDGTNILDEVTFPARVLKSYSVVEVIAGVSAVLGGVIALNVEE 227 
143 INFNLILLILLEIFMATTVIISARSTEDCCMRKKNTTYDSAVVLSNVSFPARILKSYSVIEVIIGISSVFGGIIALNMDV 222 
151 INFNLILMILLEVLMASTVILSARSAEDCCCHRKVCVYDRPMVVTPAVFPTRVLKAYSVIEVIVGISSVFGGIIALNMDA 230 
160 INFNLILLILLEVLMASTVILSARSAEDCCXXXXXXXXXXMVVLTPADFPTRLLKGYSVIEVIARISAVFGGIIALNMDV 239 
222 SVSGPHLSVTFFWILVACFPSAIASHVAAECPSKCLVEVLIAISSLTSPLLFTASGYLSFSIMRIVEMFKDYPPAIKPSY 301
228 AVSGPHLSVTFFWILVACFPSAIASHVAAECPSKCLVEVLIAISSLTSPLLFTASGYLSFSVMRVVEIFKDYQPAIKS-Y 306
228 AVSGPHLSVTFFWILVACFPSAIASHVTAECPSKCLVEVLITISSLTSPLLFTASGYLSFSVMRIVEIFKDYPPDIKS-Y 306
223 LVSGPYLSVTFFWILVACFPSAIASHVAAEYPSKCLVEVLIAISSVTSPLLFTASGYLSFSIMQVVDIFKNYPPPVKQSY 302
231 LLPGPYLSVTFFWILVACFPSAIASHVVSEYPNKCLVEVLIAISSVTSPLLFSASGFLSSSVISFIEIFLHNVPTSKQSY 310
240 LLPGPYLAVTFFWILKACFPRAIARHVVAEYPNKCLVEMLIAISSVTSPLLFSASGFLSCSVLSFIDIFLHEVPTAKQSY 319
302 DVLLLLLLLVLLLQAGLNTGTAIQCVRFKVSARLQGASWDT-QNGPQERLAGEVARSPLKEFDKEKAWRAVVVQMAQ 377
307 DVLLLLLLLLLLLQGGLNTGTAIQCVSFKVSARLQAASWDP-QSCPQERPAREVVRGPLKEFDKEKAWRAVVVQMAQ 382 
307 DVLLLLLLLLLLLQGGLNTGTAIQCVSFKVSARLQAASWDS-QSCPQERPAGEVVRSPLKEFDKEKAWRAVVVQMAQ 382 
303 DVLLLLLMLMLLIQACLTIGTVIQCVNYKTKMKLQDSSWTESQVKKQEYRTTEVSNNTLKDFDKDKAWKAVVVQMAQ 379 
311 DILLLILMVLLLVQAVLTSATVVHCASYKSQLRMGSVDSDDRAHTTKHYCEQISN-GTLQDFDKDRNWKAVMVQMAQ 386 
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Figure 1: Alignment of MLC1 sequences from diff erent vertebrates using ClustalW software. The eight 
transmembrane domains are boxed and indicated by Roman numerals. Residues identical in at least fi ve MLC1 
orthologues are in black boxes, residues that are similar are indicated in gray. Small parts of the trout sequence 
were not available (indicated by X).
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Localization of MLC1
To study the subcellular localization of MLC1, HeLa cells were transfected with HA-MLC1. 
On Western blot, anti-HA antibodies recognized a protein with an apparent molecular 
weight (MW) of 30 kDa in the protein extract from cells that were transfected with HA-
MLC1 (Figure 2A). The fact that the protein runs faster than expected (theoretically 
40 kDa) was not due to premature stop codons or frameshift mutations, but may be 
caused by the high content of hydrophobic residues. The band was absent in extracts 
from untransfected cells. Immunofl uorescence microscopy of HA-MLC1 transfected cells 
showed expression in the plasma membrane and cytoplasm (Figure 2B).
In order to study endogenous MLC1, antibodies were raised against the N- and C-termini 
of human MLC1. RT-PCR showed that HeLa cells do not express MLC1 endogenously. Upon 
transfection of these cells with a construct expressing GFP-tagged MLC1 and performing 
Western blot analysis, both antibodies recognized a protein with an apparent MW of 67 
kDa (Figure 2C). The size of this band is consistent with the expected size of the MLC1-
GFP fusion protein. This band was absent in extracts from untransfected cells and cells 
transfected with empty control vector, showing the specifi city of the MLC1 antibodies. 
An extra band of approximately 60 kDa was detected in pEGFP-MLC1 transfected cells. 
Possibly this band was a degradation product of MLC1-GFP and therefore recognized by 
the MLC1 antibodies. The GFP monoclonal antibody recognized both the GFP protein 
(positive control) of 26 kDa and the 67 kDa recombinant MLC1-GFP protein.
The GFP-tagged MLC1 protein was used to study the subcellular localization of MLC1 in 
cells of neural origin, SVG-p12 cells. While untagged GFP was uniformly present in both 
cytoplasmic and nuclear compartments of the cell (fi gure not shown), MLC1-GFP was 
predominantly present on the plasma membrane and in cytoplasmic vesicles (Figure 
2D). The vesicles are most likely related to over-expression. 
The membrane localization of endogenous MLC1 was confi rmed in monocytes using the 
MLC1-specifi c antibodies (Figure 2E).
Expression of MLC1 in leukocytes
To investigate whether MLC1 protein is expressed in all types of leukocytes (lymphocytes, 
monocytes and granulocytes), these cell types were studied by FACS analysis. Leukocytes 
were labeled with diff erent fl uorochrome conjugated monoclonal antibodies, enabling 
the distinction of the three cell types. The histogram profi le of gated cells (Figure 2F) 
shows that the MLC1 protein is expressed in all three types of leukocytes. 
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Figure 2: MLC1 is a transmembrane protein. (A) Expression of HA-MLC1 in HeLa cells. Cell extracts of untransfected 
(lane 1) or pCDNA-HA-MLC1 transfected HeLa cells (lane 2). The molecular mass of marker bands is shown at 
the left. The arrowhead indicates recombinant HA-MLC1. (B) HA-MLC1 immunofl uorescence in HeLa cells. (C) 
Expression of GFP-MLC1 in HeLa cells: untransfected (lane 1), transfected with empty GFP vector (lane 2) or with 
a vector expressing GFP-MLC1 (lane 3). The asterisk indicates the 67 kDa recombinant MLC1-GFP protein and 
the lower arrowhead points to the 26 kDa GFP protein. The upper arrowhead indicates an unknown protein of 
approximately 63 kDa that is recognized by the GFP-antibody. (D) Membrane localization of MLC1 in SVG-p12 
cells. MLC1-GFP was found in the cell membrane and vesicles in the cytoplasm of transfected cells, the latter 
probably due to overexpression. (E) Expression of MLC1 in monocytes. Cytospins of monocytes were stained with 
MLC1-N antibody. A higher magnifi cation of a single monocyte is shown in the right hand panel. (F) Expression of 
MLC1 in leukocytes. The dotted curve, marked with an asterisk, represents the fl uorescence of negative control 
cells; the solid lines represents cells incubated with the MLC1-N antibody
.
Number of transmembrane domains and orientation of the MLC1 protein
To study the membrane topology of MLC1, HeLa cells were transfected with the pEGFP-
MLC1 construct (Figure 3 lower panel). After fi xation they were incubated with MLC1 
antibodies (Figure 3 upper panel), either directly or after permeabilization. Figure 3 shows 
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that nonpermeable cells were not labeled with either the MLC1-N or MLC1-C antibody, 
indicating that the N- and C-termini of MLC1 were inaccessible to the antibodies (Figure 
3, right hand panel). In contrast, a clear signal was obtained with both antibodies at the 
membranes of permeabilized cells (Figure 3, left hand panel). Therefore, both termini of 
MLC1 reside in the cytoplasm and MLC1 must contain an even number of transmembrane 
domains.
Figure 3: Intracellular localization of amino- and carboxyl-termini of MLC1. pEGFP-MLC1 transfected HeLa cells 
were fi xed and directly incubated with MLC1 antibodies (right hand panels), or incubated with MLC1 antibodies 
after cells were permeabilized (left hand panels). (A) Cells incubated with antibodies against the N-terminus of 
human MLC1 (MLC1-N). (B) Cells incubated with antibodies against the C-terminus of human MLC1 (MLC1-C). 
MLC1 expression in cultured astrocytes
Using RT-PCR, MLC1 mRNA could not be detected in primary astrocyte cultures and in HeLa 
cells (as already mentioned above). In addition, immunocytochemical staining of primary 
astrocytes and SVG-p12 cells with antibodies against MLC1 was negative. Apparently, the 
protein is not expressed in cultured astrocytes (data not shown).   
MLC1 expression in brain tissue
Analysis of the expression of MLC1 in brain tissue by immunohistochemical methods 
revealed staining of distal astroglial processes around blood vessels in normal neocortex 
and white matter (Figure 4A-D), in gliotic white matter (Figure 4E and F), of Bergmann 
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astroglial processes in the cerebellum (Figure 4G), of the subependymal layer (Figure 
4H and I) and of distal astroglial processes in the glial limiting membrane of the pia 
(Figure 4J). 
Figure 4: Immunohistochemical localization 
of MLC1. (A) MLC1 is expressed in perivascular 
astroglial processes of normal cortex. (B) A 
higher magnifi cation of the boxed area from 
Fig. 4A showing reaction product around 
capillaries (arrows). (C) MLC1 is expressed in 
perivascular astroglial processes of normal 
white matter. (D) A higher magnifi cation of 
C. (E) MLC1 is more abundantly expressed in 
the perivascular areas of gliotic white matter 
from an MS patient. (F) A higher magnifi cation 
of D. (G) MLC1 expression in the processes 
of cerebellar Bergmann glia (indicated 
by an arrow). (H) MLC1 expression in the 
subependymal zone. (I) A higher magnifi cation 
of part of Fig. 4H. (J) Positive staining of distal 
astroglial processes in the pia. (K) pre-immune 
control. In all panels the ocular magnifi cation 
is indicated in the lower right hand corner. For 
full colour fi gure see Appendix. 
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The results were identical for the MLC1-N and MLC1-C antibodies. Reaction product 
was seen as linear perivascular deposits immediately around blood vessels, including 
capillaries in the cortex (Figure 4A and B) and arterioles and venules in cortex and white 
matter. A few immunoreactive threads and dots, confi rmed to be astroglial by their 
immunoreactivity for GFAP, occurred “free” in the neuropil. Few immunoreactive astrocytic 
cell bodies were found, and some corpora amylacea (spherical intracytoplasmic bodies 
of carbohydrate polymers that accumulate in astrocytic processes with advancing age) 
were surrounded by reaction product. Reactivity was neither seen within blood vessel 
walls, nor in neurons, myelin, oligodendrocytes, or microglial cells. Immunoreactivity was 
strong and well delineated in frozen sections, without background staining. In gliotic 
tissues, scar tissue produced by enlargement of astrocytic processes, the MLC1 staining 
was more intense than in control tissue (Figure 4E and F). If the pre-immune serum was 
used, no specifi c staining was observed, only weak diff use staining around blood vessels 
(Figure 4K).
To further prove that MLC1 is present in astroglial processes, double-immunofl uorescent 
labeling experiments for MLC1 and GFAP were performed in gliotic white matter of 
chronic inactive (Figure 5A-F) or active (Figure 5G-I) MS plaques. GFAP is commonly 
used as a marker for astrocytes 14. Figure 5D-F shows a higher magnifi cation of the boxed 
blood vessel in Figure 5A-C. There was co-localization (Figure 5C, F and I; yellow) of MLC 
(Figure 5A, D and G; green) and GFAP (Figure 5B, E and H; red), in cells close to blood 
vessels. It should be mentioned that some areas around blood vessels were positively 
stained for MLC1 but not GFAP, and vice versa. To exclude co-localization between MLC 
and activated microglia cells or macrophages (foam cells) around blood vessels, double-
immunofl uorescent labeling experiments were also performed for MLC1 and KP1 in gliotic 
white matter of active MS plaques. KP1 is a common used marker for activated microglia 
and “foam cells” 15. Figure 5 shows that there is no co-localization (Figure 5L and O) 
between MLC (Figure 5J and M; green) and KP1 (Figure 5K and N; red). This result also 
excludes the possibility that MLC1 antibodies were bound to Fc receptors on activated 
microglia. If MLC1-N, KP1 or GFAP was omitted, fl uorescent labeling was only visible for 
the appropriate isotype, thereby excluding cross-reactivity (fi gure not shown). Together 
these data clearly demonstrate that MLC1 is present in distal astroglial processes at the 
blood-brain barrier and glial limiting membrane. 
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Figure 5: Fluorescent immunohistochemical localization of MLC1 in gliotic chronic inactive and acute MS plaques. 
(A-I) Double immunofl uorescence labeling of MLC1 and GFAP in gliotic human brain tissue. (A, D and G) Confocal 
images of MLC1 expression (green), and (B, E and H) GFAP expression (red) in astrocytes in gliotic chronic inactive 
(A-F) or acute (G-I) gliotic white matter. (C, F and I) There is partial overlap (yellow) between MLC1 and GFAP, 
restricted to the perivascular region. D-F, Higher magnifi cation of the boxed blood vessel in fi gure 5A-C. (J-O) 
Double immunofl uorescence labeling of MLC1 and KP1 in acute gliotic human brain tissue. (J and M) Confocal 
images of MLC1 expression (green), and (K and N) KP1 expression (red) in distal astroglial processes and activated 
microglia and “foam cells”, respectively. (L and O) No overlap between MLC1 and KP1 is detectable. In all panels 
the ocular magnifi cation is indicated in the lower right hand corner. For full colour fi gure see Appendix.
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Discussion
MLC1 is highly conserved throughout evolution in a variety of diff erent vertebrate 
species that produce myelin (Figure 1). Orthologues are not found in eukaryotes that do 
not produce myelin, suggesting an as yet undiscovered fundamental function of MLC1 
related to myelin. Several papers have hypothesized on both the membrane localization 
and the possible function of MLC1 7,16. 
Most website-based computer programs (HMMTOP, PredictProtein, SOSUI, Tmpred, 
EMBnet-CH) predict eight transmembrane domains in MLC1, but the MHMM program 
predicts seven. The results in fi gure 3 show that both the N- and C-termini of the MLC1 
protein are intracellular. We conclude that MLC1 is a membrane-associated protein with 
eight transmembrane domains and intracellular termini. Seventeen of the twenty-two 
human proteins with eight transmembrane domains in the Swissprot database have a 
transporter or channel function, strengthening the notion that MLC1 has a transporter 
function. Unfortunately, sequence analysis of the MLC1 protein using Pfam or Prosite 
software programs does not reveal any similarity to known protein domains either in the 
N- and C-terminus or in the large intracellular loop between residues 163 and 188. Further 
research is necessary to elucidate the function of MLC1 and, if proven to be a transporter, 
its substrates. In a recent report no evidence was found that MLC1 is an ion transporter 17, 
but this leaves many other transport options open.
The expression of MLC1 mRNA in leukocytes and in the brain was demonstrated (http://
www.kazusa.or.jp/huge/gfi mage/northern/html/KIAA0027.html) and 16), but data on the 
localization of MLC1 protein were not available. The present study shows that the MLC1 
protein is expressed in all types of leukocytes. The signifi cance of the MLC1 expression in 
leukocytes remains unclear. There is no evidence that mutations in MLC1 cause a defect 
in leukocyte function in patients. In addition, this study shows that MLC1 is expressed in 
distal astroglial processes at the blood-brain barrier (BBB) and at the brain-CSF barrier 
(at the glial limiting membrane). This strongly suggests MLC1 localization in astroglial 
endfeet, but higher resolution electron microscopic studies are needed to show the exact 
localization of the MLC1 protein.
Our data on the expression of the MLC1 protein are, in general, in good accordance 
with the published RNA expression results 11. Importantly, our data add that the MLC1 
protein is specifi cally present in the distal processes of astrocytes at BBB and glial limiting 
membrane. The main diff erence between our protein studies and the reported RNA 
expression levels in the murine brain 11 lies in the fact that in the adult human brain MLC1 
expression is not restricted to Bergmann glia. Whether this refl ects a diff erence between 
the human and the mouse brain, or is caused by the diff erence in technical approach 
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remains to be resolved.
The restricted localization of MLC1 can give clues to its possible function. The BBB is a 
diff usion barrier for the exchange of molecules and is formed by seamlessly joined 
endothelial cells of the capillary wall, the basal lamina, and astroglial endfeet. The role 
of astrocytes in the BBB is not well defi ned. They are separated from the endothelial 
cells by the basal lamina and do not contribute directly to the physical barrier 18. 
Perivascular astroglial endfeet contain many transport proteins, including transporters of 
monocarboxylates, glucose, glutamate and water. 
Given the presence of vacuoles in the outer layer of the myelin sheaths in MLC 5, the role of 
astrocytic endfeet in water homeostasis in the brain is of special interest. Diff erent water 
channel proteins or aquaporins are present in the brain 19. Aquaporin-4, in particular, 
shows a localization in distal astroglial processes similar to MLC1 20. Aquaporin-4 is 
associated with the dystrophin associated glycoprotein complex (DGC) 21. This complex 
links the actin cytoskeleton to the extracellular matrix. Interestingly, some congenital 
muscular dystrophies, which are caused by mutations in members of the DAGC, also show 
white matter abnormalities on MRI 22. Studies on the possible interaction of MLC1 with 
Aquaporin-4 and the DAGC will clarify whether MLC1 plays a role in the functioning of 
these proteins in the brain.  
Another possibility is that MLC1 is involved in transporting molecules that are essential for 
oligodendrocytes or myelin. Schmitt et al. pointed out that MLC1 mRNA expression peaks 
in development during a ‘transitional period of astrocytic specialization that occurs in 
white matter during stages of myelination’ 11. Mutations in MLC1 may aff ect myelin sheath 
formation or compaction. 
Until recently, the role of astrocytes in the maintenance of the functional integrity of 
central nervous system has been underestimated. It is now becoming increasingly clear 
that astrocytes are pivotal cells in the homeostasis, plasticity and transmission of neuronal 
networks 18. In the last few years two genetic defects have been detected that specifi cally 
involve astrocytic proteins, and the severity of the related brain diseases bears testimony 
to the importance of normal astrocytic functions. In 2001 Brenner 23 demonstrated that 
Alexander disease is caused by mutations in GFAP, a protein characteristically present in 
astrocytes. MLC is a disease that is related to a protein that is predominantly expressed in 
distal astroglial processes. Interestingly, both MLC and Alexander disease are childhood 
leukoencephalopathies. Insight into the function of MLC1 will contribute not only to our 
understanding of the pathophysiology of MLC, but also to our comprehension of the 
functions of astrocytes and the role of MLC1 in normal brain. 
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MLC1 is associated with the Dystrophin-Glycoprotein Complex at astrocytic endfeet
Abstract 
Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is a progressive 
cerebral white matter disease with onset in childhood, caused by mutations in the MLC1 
gene. MLC1 is a protein with unknown function that is mainly expressed in the brain in 
astrocytic endfeet at the blood-brain and cerebrospinal fl uid-brain barriers. It shares its 
localization at astrocytic endfeet with the dystrophin-associated glycoprotein complex 
(DGC). The objective of the present study was to investigate the possible association of 
MLC1 with the DGC. To test this hypothesis, (co)-localization of DGC-proteins and MLC1 
was analyzed by immunohistochemical stainings in gliotic brain tissue from a patient with 
multiple sclerosis, in glioblastoma tissue and in brain tissue from an MLC patient. In control 
tissue a direct protein interaction was tested by immunoprecipitation. Results revealed that 
MLC1 is co-localized with DGC-proteins in gliotic brain tissue. We demonstrated that both 
MLC1 and aquaporin-4, a member of the DGC, were redistributed in glioblastoma cells. 
In MLC brain tissue, we showed absence of MLC1 and altered expression of several DGC-
proteins. We demonstrated a direct protein interaction between MLC1 and Kir4.1. From 
these results we conclude that MLC1 is associated with the DGC at astrocytic endfeet. 
Keywords
MLC1; astrocytes; endfeet; dystrophin-associated glycoprotein complex; leukodystrophy
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Introduction
Megalencephalic leukoencephalopathy with subcortical cysts (MLC, MIM 604004) is a 
childhood leukoencephalopathy with autosomal recessive inheritance 1. Patients develop 
macrocephaly during the fi rst year of life, followed by slow motor deterioration with 
cerebellar ataxia and spasticity 1. Magnetic resonance imaging (MRI) shows diff usely 
abnormal, mildly swollen cerebral white matter and subcortical cysts in anterior temporal 
and frontoparietal areas 1. Histopathologic and electron microscopic examination of brain 
tissue reveals countless intramyelinic vacuoles 2.
From early on, the striking similarity in MRI features of MLC and congenital muscular 
dystrophy (CMD) with merosin defi ciency (CMD type 1A, MDC1A) was noted 1. Patients with 
MDC1A also have diff usely abnormal, mildly swollen cerebral white matter and sometimes 
anterior temporal cysts (Figure 1) 3. Microscopic examination of the brain of a patient, who 
was later genetically confi rmed to have MDC1A (Echenne, personal communication) also 
revealed myelin vacuolation 4. MDC1A is caused by mutations in the LAMA2 gene, encoding 
the laminin-α2 chain of merosin 5. In contrast to MDC1A, MLC is not associated with muscle 
disease 1. We hypothesized that MLC could be the “brain-only” variant of MDC1A. We could, 
however, not confi rm linkage of MLC to the LAMA2 locus and instead demonstrated that 
mutations in another gene, MLC1, cause MLC 6. MLC1 encodes a plasma-membrane protein 
of unknown function. Recently, the MLC1-protein was found to be located in astrocytic 
endfeet at the blood-brain and cerebrospinal fl uid-brain barriers 7,8. 
Other proteins localized at astrocytic endfeet are those of a multi-subunit complex 
called dystrophin-associated glycoprotein complex (DGC) 9,10. The DGC is expressed in 
various tissues and has been characterized best in skeletal muscle where it connects the 
cytoskeleton of muscle fi bers to the extracellular matrix 11. Mutations in diff erent DGC 
components lead to various muscular dystrophies. In a subset of muscular dystrophies, the 
congenital muscular dystrophies (CMDs), the muscular phenotype is often combined with 
brain involvement, including white matter abnormalities, most notably in MDC1A 3. 
The brain DGC is involved in the adhesion of perivascular glia to the extracellular matrix 
9. At the astrocytic endfeet, the DGC consists of four main components 12-14: (1) D- and E-
dystroglycan, which form the backbone of the DGC by forming a transmembrane link 
between the actin cytoskeleton and the extracellular matrix. α-Dystroglycan is a heavily 
glycosylated peripheral membrane protein that binds to extracellular ligands such as 
merosin and agrin. β-Dystroglycan is a transmembrane protein that anchors the extracellular 
α-dystroglycan to the plasma membrane and interacts intracellularly with dystrophin (and/
or utrophin, which can replace dystrophin) and syntrophin. (2) Dystrophin and/or utrophin, 
which are linker molecules that can form a bridge between actin and E-dystroglycan. (3) 
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D-Dystrobrevin, which is linked to dystrophin and/or utrophin and binds to syntrophin. (4) 
Syntrophin, which binds to the water channel aquaporin-4 and the potassium channel Kir4.1 
and is responsible for the polarized expression of these proteins in astrocytic endfeet. 
The striking similarities in brain MRI features and pathology between MLC and MDC1A, 
together with the specifi c localization of both MLC1 and merosin at astrocytic endfeet, 
brought us to the hypothesis that there may be an association between MLC1 and DGC 
in the brain. In the present paper we report on our studies to test this hypothesis. We 
investigated the co-localization of MLC1 and DGC-proteins in gliotic white matter, because 
MLC1 staining is more intense in gliotic brain tissue than in normal tissue 7. Previous studies 
in humans and mice have shown that if members of the DGC are mutated or missing, the 
complex may be disrupted, which aff ects the localization of other protein members 12,15-17. 
We therefore also tested our hypothesis by studying the localization of MLC1 and several 
DGC-proteins in glioblastoma and MLC brain tissue. Besides, we assessed a direct association 
between MLC1 and DGC-members by co-immunoprecipitation experiments.
Figure 1: MRI of the brain of a patient with MLC (a-c) and MDC1A (d-f). The axial T2-weighted images (a, b, d, 
e) reveal extensive signal abnormalities and mild swelling of the cerebral white matter in both MLC (a, b) and 
MDC1A (d, e). The corpus callosum and internal capsule are relatively preserved in both cases (a, d). The sagittal 
T1-weighted images reveal a large cyst in the anterior temporal white matter and smaller cysts in the frontal 
subcortical white matter in the MLC patient (c). There are small cysts in the same regions in the MDC1A patient 
(f). Both MLC and MDC1A patients had a genetically confi rmed diagnosis.
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Material and Methods
Immunohistochemical staining of human brain tissue
Human control brain tissue specimens, both frozen and paraffi  n-embedded, consisting of 
neocortex and white matter, were obtained at autopsy from patients without neurological 
disease and neuropathologic abnormalities. Additionally, frozen brain tissue was obtained 
from a multiple sclerosis patient to study gliotic white matter in which MLC1 has a normal 
localization but MLC1 expression is increased 7. During life, all patients or their next of kin 
had given consent for autopsy and the use of brain tissue for research purposes.
Human glioblastoma multiforme tissue (frozen) and brain biopsy tissue from MLC patients 
(both frozen and paraffi  n-embedded) were obtained for diagnostic purposes and used 
for research purposes with informed consent of patients and families. Light-microscopy 
of glioblastoma tissue was used to select areas that display characteristic glioblastoma 
features, including necrosis, giant cells and endothelial proliferation, for further studies. 
Brain biopsies were obtained in the following MLC patients: EL18 (decreased MLC1 
expression 18; frozen tissue), EL649 (homozygous for the c.733G>C/p.Ala245Pro mutation; 
paraffi  n-embedded tissue), and EL746 (compound-heterozygous for the c.268-1G>A 
and c.597+1G>A mutations, leading to splice-defects and truncation of the protein 
[p.Cys90-Val107del and p.Val200-Ala238del]; paraffi  n-embedded tissue). 
Immunohistochemistry was performed as described previously 19 with antibodies against 
the following proteins: MLC1 (rabbit polyclonal; 1:200 7); merosin (mouse monoclonal; 
1:500 20); aquaporin-4 (rabbit polyclonal; 1:200, Chemicon, Huissen, The Netherlands); Kir4.1 
(rabbit polyclonal; 1:200, USBiological, Swampscott, Massachusetts), β-dystroglycan (mouse 
monoclonal; 1:100, Santa Cruz, Heidelberg, Germany), α-dystroglycan (mouse monoclonal; 
1:100, UpstateCellSignaling solutions), agrin (mouse monoclonal; 1:2500 21); glial fi brillary 
acidic protein (GFAP, rabbit polyclonal; 1:500, DAKO, Heverlee, Belgium) and NeuN (mouse 
monoclonal; 1:1600, MAB377, Chemicon). In all slides, except the slides used for double 
stainings, the nuclei are counterstained with Haematoxylin. Double immunofl uorescence 
stainings were performed as described 7 with agrin, β-dystroglycan (mouse monoclonal; 
1:100) or syntrophin (mouse monoclonal; 1:100, Affi  nity BioReagents, Raamdonksveer, 
The Netherlands) versus MLC1. In negative controls the primary antibodies were omitted. 
Double-stainings were performed as described previously 22. In frozen tissue double 
stainings were done with agrin (red) antibodies versus the endothelial marker AB4 
(blue, polyclonal; 1:200, Lab Vision–NeoMarkers, Fremont, CA, USA) This indirect 
immunohistochemical technique was carried out utilizing the streptavidin-biotin system, 
using 3-amino-9-ethylcarbazole (red; AEC; ScyTek laboratories, Logan, UT, USA). The other 
chromagen used in double-staings was Vector SG substrate for peroxidase (blue; Vector 
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laboratories, Burlingame, CA, USA). In paraffi  n tissue double stainings were carried out with 
agrin or α-dystroglycan antibodies versus NeuN or GFAP. For the agrin (brown) / NeuN (blue) 
double-stainings, agrin was visualized with biotinylated secondary antibodies (DAKO) and 
NeuN with poly-HRP (Immunologic, Duiven, The Netherlands). For the agrin (red) / GFAP 
(blue) double-stainings, agrin was detected with poly-HRP (Immunologic) and GFAP with 
biotinylated secondary antibodies (DAKO). In negative controls the primary antibodies 
were omitted.
Immuno-precipitation and Western blotting
Preparation of brain tissue and immunoprecipitation experiments were performed as 
previously described 23 without antibodies as a negative control, with 1-15 μg mMLC1-C 
(home made), with the nonspecifi c CHOP (Santa Cruz, Heidelberg, Germany) as an extra 
negative control, and with Kir4.1 (USBiological, Swampscott, Massachusetts) antibodies. 
Western blots were incubated with the Kir4.1 antibodies overnight at 4°C and complexes 
were visualized using ECL Western Blot detection reagents (Amersham, Buckinghamshire, 
United Kingdom).
Results
Co-localization of MLC1 and DGC-members
To test whether MLC1 co-localizes with DGC-proteins at astrocytic endfeet we performed 
double-immunofl uorescent staining experiments in gliotic brain tissue with the 
transmembrane protein MLC1 (Figure 2a, d and g; green) versus the extracellular matrix 
protein agrin (Fig. 2b; red), the intracellular protein syntrophin (Figure 2e; red), and the 
transmembrane protein β-dystroglycan (Figure 2h; red). There was partial overlap (yellow) 
between all three DGC-proteins (red) and MLC1 (green). The co-localization (Figure 2i; 
yellow) of MLC1 (Figure 2g; green) and β-dystroglycan (Figure 2h; red) was most striking. 
If MLC1, agrin, β-dystroglycan or syntrophin was omitted, fl uorescent labeling was only 
visible for the appropriate isotype, thereby excluding cross-reactivity (not shown). On 
omission of the primary antibody no staining was observed (not shown).  
MLC1 and aquaporin-4 are redistributed in glioblastoma cells 
Staining normal human brain tissue with anti-MLC1 and anti-aquaporin-4 antibodies 
confi rmed their specifi c expression around blood vessels, consistent with the previously 
described perivascular localization (Figure 3a and 3c) 7,24. In glioblastoma tissue both MLC1 
and aquaporin-4 had altered expression patterns. The proteins were no longer confi ned to 
astrocytic endfeet, but were redistributed over the entire glioblastoma cell (Figure 3b and 
T
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3d). Anti-agrin staining showed expression of the protein in the extracellular matrix around 
blood vessels of all sizes in normal brain tissue (Figure 3e), whereas it was exclusively 
expressed around larger blood vessels in glioblastoma tissue (Figure 3f). Double-staining 
of agrin (red) with AB4 (blue), an endothelial marker, in glioblastoma tissue confi rmed agrin 
and AB4 staining around larger blood vessels (Figure 3g) and absence of agrin around 
small vessels (Figure 3g, boxed area). This is in line with previously published results 17. On 
omission the primary antibody no staining was observed (not shown). 
Figure 2: Co-localization of MLC1 and DGC-proteins. (a-i). Double immuno-fl uorescence labelling of MLC1 (a, 
d and g; green), agrin (b; red), syntrophin (e; red), and β-dystroglycan (h; red) in gliotic human brain tissue. 
There is partial overlap (c, f and i; yellow) between MLC1 and these DGC-proteins. The overlap (i; yellow) 
between the transmembrane proteins MLC1 (green) and β-dystroglycan (red) is most striking. In all panels the 
ocular magnifi cation and 10μm scale bars are indicated in the lower right hand corner. For full colour fi gure see 
Appendix.
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Figure 3: Localization of MLC1 in glioblastoma tissue. Immunohistochemical staining of MLC1, aquaporin-
4 (AQP4) and agrin in control brain (a, c and e) and tumor tissue (e, d, f and g). (a) MLC1 has a perivascular 
localization in normal tissue. (b) In glioblastoma tissue, the restriction of MLC1 to perivascular areas is lost and the 
protein has an intracellular location in glioblastoma cells. (c) AQP4 is expressed in perivascular astroglial endfeet 
in control brain. (d) AQP4 is localized in glioblastoma cells. (e and f) Agrin is expressed in the extracellular matrix 
around blood vessels of all sizes in normal tissue (e) and only around large vessels in glioblastoma tissue (f). 
(g) Double-staining of agrin (red) / AB4 (blue) in glioblastoma tissue shows agrin and AB4 (endothelial marker) 
staining around larger blood vessels. The boxed area in panel (g) shows that agrin staining is absent around small 
vessels. In all panels the ocular magnifi cation and 10μm scale bars are indicated in the lower right corner. For full 
colour fi gure see Appendix.
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Figure 4: Localization of proteins associated with the DGC in MLC patients. a and b In control tissue the perivascular 
staining of MLC1 is visible (a), but no staining is observed in MLC brain tissue (b). (c and d) Normal perivascular 
basal lamina staining with merosin is seen in control (c) and MLC (d) brain tissue. (e and f) β-dystroglycan has 
a normal perivascular distribution in both control (e) and MLC (f) brain tissue. (g and h) Aquaporin-4 (AQP4) 
has a normal perivascular distribution in both control (g) and MLC (h) brain tissue. (i and j) Kir4.1 is present in 
distal astrocytic processes around blood vessels in control tissue (i). In MLC tissue (j) Kir4.1 is expressed both in 
distal astrocytic processes around blood vessels and in cell bodies of astrocytes (boxed area). (k and l) Agrin is 
expressed in the extracellular matrix around blood vessels in control tissue (k). In MLC tissue (l) agrin is expressed 
in both the extracellular matrix around blood vessels (boxed area) and in cells, as indicated by arrows. (m and n) 
Immunostaining for α–dystroglycan shows a normal perivascular distribution in control tissue (m) and expression 
of α–dystroglycan around blood vessels (boxed area) and in cells in MLC tissue (arrows in n). (o) Double-staining 
of NeuN (blue) / agrin (brown) in MLC tissue shows cytoplasmic agrin staining in NeuN positive cells (arrows). (p) 
Double-staining of Agrin (red) / GFAP (blue) in MLC brain tissue. The picture on the left shows an astrocyte that is 
only GFAP positive (arrow), while the picture on the right shows an astrocyte that is both GFAP and agrin positive 
(arrow, brown staining in cell body). In all panels the ocular magnifi cation, 10μm scale bars and patient numbers 
are indicated in the lower right corner. For full colour fi gure see Appendix.
regel 1
regel 2
regel 3
regel 4
regel 5
regel 6
regel 7
regel 8
regel 9
regel 10
regel 11
regel 12
regel 13
regel 14
regel 15
regel 16
regel 17
regel 18
regel 19
regel 20
regel 21
regel 22
regel 23
regel 24
regel 25
regel 26
regel 27
regel 28
regel 29
regel 30
regel 31
regel 32
regel 33
regel 34
regel 35
regel 36
regel 37
regel 38
regel 39
90
MLC1 is associated with the Dystrophin-Glycoprotein Complex at astrocytic endfeet
Absence of MLC1 and altered expression of DGC-proteins in MLC brain tissue
Anti-MLC1 staining revealed perivascular expression of the protein in control brain tissue 
(Figure 4a) 7 and absence of staining in MLC tissue (Figure 4b). The distribution of merosin, 
β-dystroglycan and aquaporin-4 was similar in control (Figure 4c, 4e and 4g) and MLC 
tissue (Figure 4d, 4f and 4h). In control tissue Kir4.1 showed a perivascular localization 
in confi guration suggesting presence in distal atroglial processes (Figure 4i), while in 
MLC patient tissue Kir4.1 additionally showed a diff use cytoplasmic staining of astrocytes 
(Figure 4j). In control tissue, agrin (Figure 4k) and D–dystroglycan (Figure 4m) were seen 
in the perivascular extracellular matrix, whereas these proteins were observed both in the 
perivascular extracellular matrix and within cells in MLC tissue (Figure 4l and 4n). 
The cells expressing these latter two DGC-proteins had the morphological characteristics 
of neurons. Double-stainings of agrin and D-dystroglycan with NeuN, a neuronal marker, in 
MLC brain tissue confi rmed that both agrin (brown) (Figure 4o) and D-dystroglycan (not 
shown) co-localized with NeuN (blue). Although most redistribution appeared to be in 
neurons, double-stainings of agrin (red) and GFAP (blue) showed that also some astrocytes 
displayed positive cell body staining for agrin (Figure 4p). On omission of the primary 
antibody no staining was observed (not shown). 
Direct protein interaction between MLC1 and Kir4.1
To verify interaction of DGC-proteins with MLC1 immunoprecipitation experiments were 
performed using human control brain lysates. Figure 5 shows that after immunoprecipitation 
with both anti-MLC1 and anti-Kir4.1 antibodies and probing the precipitate for the presence 
of Kir4.1, a band at 200kDA was detected, the size expected for Kir4.1. This band was not 
present in a pull-down without antibodies or with an unrelated antibody (anti-CHOP). Of 
concern in this experiment was the use of cross-linking reagents, since this might cause 
nonspecifi c interactions. When cross-linking reagents were left out, we failed to detect 
interactions, which is in agreement with previous studies on interaction between DGC-
members 23. 
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Figure 5: Co-immunoprecipitation (IP) of human brain lysates. Antibodies used for IP are indicated above 
the fi gure. The ‘-‘ indicates pull-down without antibodies; anti-CHOP was used as a nonspecifi c antibody. The 
resulting Western blot was probed with antibodies against Kir4.1. The arrowhead shows the position of Kir4.1 at 
200kDa and the asterisk indicates a nonspecifi c band that is pulled down with all the antibodies used. 
Discussion 
The DGC is important in linking cytoskeletal proteins to the extracellular basal lamina. It is 
present in several tissues including muscle, heart, nerve and brain. The composition of this 
complex shows some diff erences for diff erent tissues. Structural defects in a number of DGC-
members cause muscular dystrophies. Best known is Duchenne muscular dystrophy, related 
to mutations in dystrophin. Another muscular dystrophy is the CMD MDC1A, in which the MRI 
features are strikingly similar to those of MLC. MDC1A is caused by mutations in the laminin-
D2 chain of merosin 5. A specifi c group of CMD variants is known as “dystroglycanopathies” 
and includes Walker-Warburg syndrome, Fukuyama type of CMD, muscle-eye-brain disease, 
CMD type 1C and type 1D. They are characterized by hypoglycosylation of D-dystroglycan 
11. MDC1A and most of the dystroglycanopathies lead to both muscle disease and brain 
involvement, including cerebral white matter abnormalities.
We hypothesized that MLC1 could be associated with the DGC in the brain. To strengthen 
our hypothesis, we showed co-localization between MLC1 and DGC-proteins around blood 
vessels by immunofl uorescent stainings. A common feature of the DGC is that mutations 
aff ecting one of its components often lead to destabilization of the complex with reduced 
or altered expression of other DGC-members. For instance, in muscle and brain tissue of 
patients with a dystroglycanopathy, immunostaining is reduced for D-dystroglycan as well 
as merosin and agrin 16. In patients with Duchenne muscular dystrophy and Fukuyama type 
of CMD, decreased expression of multiple DGC-proteins has been found in muscle and 
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brain 25-27. In brain tissue of syntrophin knock-out mice altered expression of aquaporin-
4 has been reported 12. In glioblastoma tissue, abnormal expression of aquaporin-4 and 
syntrophin over the entire surface of glioblastoma cells and absence of D-dystroglycan 
from glial structures have been reported 17,28. Agrin was only present around larger vessels 
but absent around small vessels in glioblastoma tissue 17,28. We decided to use these DGC 
destabilization phenomena to test our hypothesis. Because of the co-localization of MLC1 
and DGC-members at perivascular regions and the disassembly of the DGC in glioblastoma 
tissue we were interested in whether MLC1 is redistributed in this type of brain tumor. 
We, therefore, tested the expression pattern of MLC1 by immunohistochemical staining 
in glioblastoma tissue. We confi rmed previous fi ndings for agrin and aquaporin-4 17,28 and 
demonstrated that MLC1, like aquaporin-4, is redistributed in glioblastoma cells. We were 
also interested in whether MLC1 mutations would lead to destabilization of the complex 
with reduced or altered expression of DGC-members in MLC brain. We demonstrated the 
absence of MLC1 and altered expression of Kir4.1, agrin and D-dystroglycan in brain tissue 
of MLC patients, whereas merosin, β-dystroglycan and aquaporin-4 retained their normal 
perivascular localization. Agrin and D-dystroglycan were redistributed in both neurons and 
astrocytes, although most positive staining cells appeared to be neurons. All above results 
provide circumstantial evidence for an association between MLC1 and the DGC. To show a 
direct protein-protein interaction we performed co-immunoprecipitation experiments that 
revealed an association between MLC1 and Kir4.1. All together the above fi ndings provide 
strong evidence for an association between MLC1 and the DGC. 
So far almost all defects in DGC-proteins have been associated with a muscular dystrophy, 
which is absent in MLC. This diff erence can be ascribed to a diff erence in DGC composition 
for muscle as compared to brain. Whereas merosin is expressed both in muscle and brain, 
MLC1 is not expressed in muscle (http://biomed.ngic.re.kr/cgi-bin/cards/carddisp?MLC1&s
earch=KIAA0027). Both in MLC and MDC1A, the water content of the aff ected white matter 
is abnormally high due to intramyelinic vacuole formation 2,4,29. The DGC is crucial for 
anchoring of water and potassium channels at the perivascular endfeet 24. Destabilization 
of the DGC may lead to changes in glial polarity, disturbances of the blood-brain barrier and 
alterations in ion and water homeostasis of the brain 17,28, and result in an increased myelin 
water content. Our fi ndings may, therefore, have implications for the pathophysiology of 
white matter abnormalities observed in MLC, MDC1A and the dystroglycanopathies.
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Abstract 
Background
Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is an autosomal 
recessive disorder. It leads to macrocephaly in infancy, related to diff use swelling of the 
cerebral white matter due to highly increased water content. Patients subsequently 
develop progressive ataxia and spasticity. The disease is caused by mutations in the gene 
MLC1. This gene encodes a plasma-membrane protein of unknown function, which is 
expressed in leukocytes and in astrocytic endfeet at blood-brain and CSF-brain barriers. 
We tested the hypothesis that MLC1 is associated with ion channel function.
Methodology/Principal fi ndings
Electron microscopy was performed on a brain biopsy of an MLC patient and revealed 
countless vacuoles within myelin sheaths and astrocytic endfeet. By using the whole-
cell patch-clamp technique, ionic current responses were recorded in transfected HeLa 
and HEK293 cells over-expressing MLC1, in human lymphoblasts expressing MLC1 
endogenously, and in MLC patient-derived lymphoblasts. By loading cells with Calcein 
and measuring cell diameter and fl uorescence, changes in cell volume of control and 
patient-derived lymphoblasts were assessed. These experiments demonstrated that 
MLC1 is involved in chloride transport and adjustment of cell volume after changes in 
extracellular osmolarity. We confi rmed this chloride current associated with volume 
regulation in MLC1-transfected Spodoptera frugiperda (Sf9) insect cells, whereas this 
current was absent in Sf9 cells transfected with mutant MLC1. 
Conclusions
Astrocytes play a key role in the maintenance of ion and water homeostasis in the brain. 
Our study demonstrates that MLC1, a protein mainly located at astrocytic endfeet in the 
brain, is involved in chloride transport associated with volume regulation. The fi nding 
that MLC1 expression in Sf9 insect cells, which do not contain a MLC1 ortholoque, induces 
a chloride current profi le, strongly suggests that the MLC1 protein itself harbors a channel 
function. Our fi ndings imply that a defect in chloride channel activity in astrocytes 
aff ecting volume regulation underlies the white matter edema in MLC patients.
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Introduction
Megalencephalic leukoencephalopathy with subcortical cysts (MLC, MIM 604004) is 
an autosomal recessive brain disorder of infantile onset, fi rst described in 1995 1. MLC 
patients develop macrocephaly during the fi rst year of life. After several years, slowly 
progressive cerebellar ataxia and spasticity occur, leading to wheelchair dependency, 
generally when patients are in their teens. Magnetic resonance imaging (MRI) reveals 
diff use signal abnormalities and swelling of the cerebral white matter and subcortical 
cysts 1. Quantitative MRI parameters indicate that the white matter water content is highly 
increased 2.
In 2001 a gene related to MLC, MLC1, was identifi ed 3. This gene encodes a 377 amino 
acid plasma membrane protein with eight transmembrane domains 4, almost exclusively 
expressed in the brain and all types of white blood cells 4. Within the brain the MLC1 
protein is expressed in astrocytic endfeet at the blood-brain and cerebrospinal fl uid 
(CSF)-brain barriers 4,5.
Although the genetic defect of MLC was elucidated, the function of MLC1 and the 
mechanisms underlying the leukoencephalopathy remained unknown. Amino acid 
sequence homology analysis reveals a weak similarity with potassium channel Kv1.1, ABC-
2 type transporters and sodium:galactoside symporters. MLC1 contains an internal repeat 
that is also found in several ion channels 5. These observations and the highly increased 
cerebral white matter water content in MLC patients prompted us to test the hypothesis 
that MLC1 is associated with ion transporter or ion channel activity.  
Material and Methods
The study was performed with approval of the Institutional Review Board. Written 
informed consent was obtained for the use of patient lymphoblasts.
Electron Microscopy
Biopsy material and tissue handling were previously described 6. Ultra-thin sections were 
collected on Formvar-coated copper grids, stained with lead citrate and uranyl-acetate, 
and examined with an electron microscope (JEOL1010).
Cell Culture
Standard growth conditions for Human Embryonic Kidney 293 (HEK293) and HeLa cells 
consisted of DMEM/HAM-F10 (1:1) medium (Invitrogen) supplemented with 10% fetal calf 
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serum (FCS, Invitrogen (see also Supplementary Figure 1)). Isolation and immortalization 
of human lymphoblasts was performed as previously described 7. Lymphoblasts were 
cultured in RPMI-1640 medium (Invitrogen), supplemented with 10% FCS. Spodoptera 
frugiperda (Sf9) insect cells were cultured in suspension in serum free HyQ SFX-Insect 
medium (Perbio) at 27°C. 
Supplementary Figure 1: MLC1-expression in diff erent cell lines. Expression of MLC1 is cell type- and growth 
condition-dependent. Total RNA was isolated from HEK293_EBNA (lanes 1 and 2), HEK293 (lane 3), HEK293T 
(lane 4) and control lymphoblasts (lane 5) and MLC1 expression analyzed by RT-PCR (top panel). Cells were either 
grown in the presence of 10% High Clone serum (lanes 1 and 5) or 10% FCS (lanes 2-4). The bottom panel 
shows HPRT expression in the same samples as control for total RNA input. ‘M’ indicates the Invitrogen 1Kb plus 
ladder. Note the remarkable diff erence in endogenous MLC1 expression between diff erent types of HEK293 cells 
(e.g., lanes 3 and 4), which is further aff ected by growth conditions (lanes 1 and 2). In cells with higher levels 
of endogenous MLC1 expression (lanes 1 and 4) we were unable to measure diff erences in chloride currents 
between MLC1-transfected and control cells.
Transfection
HeLa and Sf9 cells were transfected using Lipofectamine (Invitrogen) and GeneJuice 
(VWR) respectively, according to the vendor’s instructions (Invitrogen). HEK293 cells were 
transfected using calcium phosphate precipitation. Hela and HEK293 cells were transiently 
transfected with either pEGFP-N1 (Clontech) alone, or pEGFP-N1 plus pCDNA-HA-MLC1 
4, pCDNA-HA-MLC1_S93L or pCDNA-HA-MLC1_C326R. After 24h, cells were harvested 
and seeded at lower density onto cover slips. Constructs for expression in Sf9 insect cells 
were made by cloning the coding sequence for HA-MLC1 (wild type or mutants) from the 
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7
above-mentioned pCDNA constructs into pIEX5 (Novagen) as BsrGI-HindIII fragments. 
Sf9 cells were seeded at lower density prior transfection with Insect GeneJuice (VWR) 
and subsequently used for experiments after 48h. Transfected cells were detected by 
fl uorescence microscopy. 
MLC1 expression
Total RNA was isolated using RNA-Bee (BioConnect). cDNA was made with 5μg total RNA 
with SuperScriptTMIII (Invitrogen) according to the vendor’s instruction. Expression of 
MLC1 mRNA was studied by RT-PCR as described 4 or by quantitative PCR (qPCR) using 
SYBR-green according to the vendor’s protocol (Applied Biosystems). For primers see 
Supplementary Table 1. The values obtained were corrected for the amount of GAPDH 
mRNA in each sample (ΔCt). In addition, the relative expression of MLC1 mRNA in the 
separate cell types as compared to its expression in the brain sample was calculated.
Supplementary Table 1: Primers used for qPCR and RT-PCR
Name Primer Sequence Used in
MLC1-Forward_qPCR AGAAGGGCTCCATGTCTGACA qPRC
MLC1-Reverse_qPCR AAGATTTCAGGACCCGAGCAG qPCR
GAPDH-Forward TGCACCACCAACTGCTTAGC qPCR
GAPDH-Reverse GGCATGGACTGTGGTCATGA qPCR
HPRT-Forward CGTGGGTCCTTTTCACCAGCAAG RT-PCR
HPRT-Reverse AATTATGGACAGGACTGAACGTC RT-PCR
MLC1-Forward_RT-PCR CCGCTCGAGCCATGACCCAGGAGCCATTC RT-PCR
MLC1-Reverse_RT-PCR CGATTACCTCGACGACTGAGTAAGA RT-PCR
Electrophysiology
Voltage-clamp experiments were performed at 20-22˚C using the tight-seal, whole-
cell variant of the patch-clamp technique, as described previously 8, and currents were 
obtained using an AXOPATCH-200A amplifi er (Axon Instruments). In all experiments in 
which we used HeLa cells, HEK293 cells or lymphoblasts, unless mentioned specifi cally, 
the iso-osmotic bath solution contained in mM: 140 NMDG-Cl, 2 CaCl2, 2 MgCl2, 10 HEPES 
(average osmolarity 295 mosm/kg, pH7.4), and the pipette (resistance of 3-7MΩ) solution 
contained in mM: 40 NMDG-Cl, 100 NMDG-gluconate, 2 MgCl2, 10 HEPES, and Ca
2+-EGTA 
buff er (buff ered to pH7.2, average osmolarity 290mosm/kg). In Sf9 cells, the iso-osmotic 
bath solution contained in mM: 180 NMDG-Cl, 2 CaCl2, 2 MgCl2, 10 MES (average osmolarity 
365 mosm/kg, pH6.2), and the pipette (resistance of 3-6MΩ) solution contained in mM: 50 
NMDG-Cl, 120 NMDG-gluconate, 2 MgCl2, 10 TES, and Ca
2+-EGTA buff er (buff ered to pH7.2, 
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average osmolarity 365mosm/kg). The extracellular pH and osmolarity mimics that of the 
HyQ SFX-Insect medium 9,10.
For all cell types, the hypo-osmotic solution was made by a 40% reduction in the 
osmolarity of the iso-osmotic solution. The holding potential was -60mV. Currents were 
measured with voltage ramps of -120 to +120mV, or -100 to +120mV for Sf9 cells, in steps 
of 0.14mV/ms. Sample interval was 250μs and data were fi ltered at 2kHz. Each current 
measurement was an average obtained from 5 ramps, with an interval of 1s between 
each ramp (Figure 2A). In addition to the voltage ramps, we also recorded current traces 
obtained from a step-voltage protocol (holding potential -60mV, 250ms steps ranging 
from -80 to +60mV, spaced 10mV). For Sf9 cells we used a step-voltage protocol ranging 
from -100mV to + 100mV. Only cells with a stable holding current and access resistance 
(<20ΩM; mean capacitance 12.8 r 3.7 pF) were analyzed. Voltage-clamp protocol, data 
acquisition, storage and analysis were carried out using commercial software (pClamp 
9.1, Axon Instruments).
Hypo-osmotic pre-treatments were executed as previously described 11. In Figure 5, 
conditions were similar, except for the duration of hypo-osmotic shock. Where indicated, 
Tamoxifen (10μM) was added to the bath solution (Tocris Bioscience) or ATP (2mM; as Mg2+ 
salt) to the pipette-fi lling solution. In all lymphoblast experiments ATP was present in the 
pipette-fi lling solution.
Imaging changes in cell volume
Cell volume was monitored in single lymphoblasts by measuring changes in both 
fl uorescence of intracellularly trapped Calcein and cell diameter 12. Cells were loaded with 
5μM Calcein-AM (Molecular Probes) for 20min at 37°C, after which they were transferred 
to a continuously perfused recording chamber at 20-22˚C. Integration time was typically 
between 100-500ms; images were acquired once every 2min to prevent bleaching and 
phototoxicity. Images were analyzed for average cell fl uorescence and cell diameter with 
ImageJ software (NIH). Changes in fl uorescence and cell diameter were expressed as Ft/
F0 and Dt/D0 ratio, respectively, where F0 and D0 were the average cell fl uorescence and 
diameter under iso-osmotic conditions.
Statistical Analysis
Group measures were expressed as mean ± standard error of the mean (s.e.m.); error bars 
also indicate s.e.m. We assessed the statistical signifi cance of diff erences between control 
and experimental conditions with the Student t-test.
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Results
MLC brain morphology 
MRI of the brain revealed diff use signal abnormalities and swelling of the cerebral white 
matter in MLC patients (Figure 1A-C).
Electron microscopic examination of brain tissue of MLC patient 3 (Table 1) revealed 
countless fl uid-fi lled vacuoles in myelin sheaths (Figure 1D, E), as described previously 6. 
Additionally, vacuoles were found to a lesser extent within perivascular astrocytic endfeet 
(Figure 1F). Mitochondria were well preserved, indicating that the vacuole formation was 
not due to inadequate fi xation.
Experimental approach
To address the hypothesis that MLC1 is involved in ionic homeostasis, we fi rst transfected 
cells with wild-type MLC1 to test whether we were able to record ionic current responses in 
HEK293, HeLa and SF9 insect cells. HEK293 cells have a low endogenous MLC1 expression; 
HeLa cells do not express MLC1 endogenously (for endogenous MLC1 expression in these 
cells see Supplementary Figure 1 and Table 2). Sf9 insect cells do not contain a MLC1 
ortholoque. Next, the activity of mutant MLC1 was measured. Subsequently, we made use 
of human control lymphoblasts, which express MLC1 endogenously, and lymphoblasts 
derived from MLC patients, which express mutant MLC1 and are therefore a natural 
mutant model. These cells were utilized for both electrophysiology and swellings assays 
to address the putative involvement of MLC1 protein in hypo-osmotic cell swelling. 
MLC1-induced currents in transfected cells
HEK293 cells were transfected with either a control construct (pEGFP-N1 alone) or a wild-
type MLC1 construct and various recording media were used. Ionic current responses to 
a voltage sweep protocol were measured using the whole-cell patch-clamp technique 
(Figure 2A). Initial data obtained using this technique with control and wild-type MLC1 
constructs indicated that MLC1 may contribute to small ionic currents that become visible 
in particular at highly positive membrane potentials and are carried either by an infl ux 
of anions or an effl  ux of cations at that potential (data not shown). To test which ion 
carries the currents observed in MLC1-transfected HEK293 cells, we fi rst eliminated the 
contribution of the monovalent cations sodium and potassium by replacing them in the 
pipette and bath solutions by the impermeant cation N-methyl-D-glucamine (NMDG). 
Using these recording media, a small linear, leakage-like current profi le was observed in 
control cells that reversed at 0mV (Figure 2B). In contrast, in MLC1-transfected cells, a 
strong so-called inward current was observed at negative potentials, which also reversed 
around 0mV and showed outward rectifi cation at positive potentials (Figure 2B).
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Figure 1: Morphology of the brain. (A-C) Representation of an axial T2-weighted MRI of the brain of a normal child 
(panel A) and patients 1 (panel B) and 2 (panel C). The cerebral white matter has a low signal in normal children, 
whereas it has a high signal in the patients. The abnormal white matter is swollen, leading to broadening of the 
gyri. (D-F) Electron microscopic images of brain tissue from patient 3. A membrane-covered vacuole is attached 
to a myelin sheath (panel D). High magnifi cation shows that the membrane displays the typical periodicity of 
myelin with the presence of major dense lines and intraperiod lines (panel E). Astrocytic endfeet projecting 
toward a vessel also contain vacuoles (asterisks) (panel F). Scale bars are shown in the lower left corner of the 
bottom panels. 
Table 1: MLC1 mutations and usage of patient material
Patient Mutations Patient Material Used
Patient 1 p.Ser246Arg (homozygous) Lymphoblasts, MRI
Patient 2 p.Cys46LeufsX34 (homozygous) Lymphoblasts, MRI
Patient 3 Decreased MLC1 expression24 Brain biopsy
T
T
T
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Table 2: Expression of the MLC1 gene
Cell/ tissue type Cycle of threshold (ΔCt) Relative expression as compared with brain
HeLa Not detectable -
HEK293 18.43 0.00012
Lymphoblasts 15.65 0.00085
Brain 5.43 1
To exclude infl uence of the low endogenous MLC1 expression in HEK293 cells, we 
also transfected HeLa cells, which lack endogenous MLC1 expression, with control 
or wild-type MLC1 constructs. This resulted in current profi les that were highly similar 
to those observed in HEK293 cells (Figure 2C). For practical reasons we chose HEK293 
cells to further characterize MLC1-mediated transport. Given the nature of the voltage 
clamp protocol, it appeared to be a steady state current. Indeed, during step-wise 
protocols to diff erent membrane potentials, inactivation of currents was not observed 
(Supplementary Figure 2). Given the fact that cation currents were excluded in these 
experiments, the MLC1 induced currents at negative potentials most likely resulted from 
an effl  ux of anions, whereas at positive potentials infl ux of anions may be responsible 
for the so-called outward currents measured. Indeed, replacing chloride by gluconate, 
which is unlikely to be conducted by anion channels, in bath and pipette fi lling solutions 
abolished the inward and outward currents (Figure 2D), demonstrating that the MLC1 
expression-induced current is carried by chloride.
Tamoxifen and intracellular ATP sensitivity
Tamoxifen is known to block chloride channels 13. To test whether the MLC1 expression-
induced chloride currents are also blocked, we added Tamoxifen to the bath solution. 
Tamoxifen completely abolished the chloride currents in MLC1-transfected HEK293 cells 
(Figure 2E). Adding ATP to the pipette solution slightly reduced the outward rectifi cation 
of the chloride currents (Figure 2F), but had no eff ect on the inward part of the current-
voltage relationship.
Absence of MLC1 induced currents in HEK293 cells transfected with mutant 
MLC1
HEK293 cells were transfected with constructs expressing mutant MLC1 (MLC1_S93L and 
MLC1_C326R). These represent mutations that have been observed in a homozygous state 
in patients (c.278C>T and c.976T>C) and cause single amino acid substitutions (p.Ser93Leu 
and p.Cys326Arg). The chloride currents observed in wild-type MLC1 transfected cells 
were absent in these cells (Figure 2G, H). 
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Figure 2: MLC1-induced chloride currents in HEK293 and HeLa cells. (A) Schematic representation of the used 
voltage ramp protocol. (B) Current-voltage (I-V) relationships of control (black trace, n=9) and MLC1-transfected 
HEK293 cells (red trace, n=7). (C) Current-voltage (I-V) relationships of control (black trace, n=4) and MLC1-
transfected HeLa cells (red trace, n=8). (D) I-V relationship of control cells (black trace, n=3) and MLC1-transfected 
cells (red trace, n=4) with replacement of chloride in both bath and pipette-fi lling solutions by equimolar amounts 
of gluconate. (E) I-V relationship of MLC1-transfected cells (red trace, n=7) after adding 10μM Tamoxifen (blue 
trace, n=4) to the bath solution. (F) I-V relationship of MLC1-transfected cells (red trace, n=7) and after adding 2mM 
ATP to the pipette solution (brown trace, n=8). (G) The average I-V relationship of whole-cell chloride current in 
pEGFP-N1 (control, black trace, n=4), pEGFP-N1 plus pCDNA-HA-MLC1_S93L (cyan trace, n=6) and pEGFP-N1 plus 
pCDNA-HA-MLC1_C326R (green trace, n=5) transfected HEK293 cells. (H) The amplitude of the chloride current 
at 120mV of MLC1 (red bar, n=6), control (black bar, n=6), mutant_S93L (cyan bar, n=6) and mutant_C326R (green 
bar, n=5). Currents measured with wild-type MLC1 were signifi cantly diff erent from mutant and control. In the 
panels B, C and E-F, the I-V profi les of the MLC1-transfected cells are outwardly rectifying. Experiments in panels 
B, D-F are performed in HEK293_EBNA cells, panel C in HeLa cells and panels G and H in HEK293 cells. Statistically 
signifi cant diff erences are indicated by asterisks (*p<0.05; **p<0.01). For full colour fi gure see Appendix.
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7Supplementary Figure 2: MLC1 induced currents in HEK293 cells. Chloride currents obtained with step protocol in control transfected (A) or MLC1-transfected (C) HEK 293 cells. Panel E shows the pure MLC1 induced current 
that was obtained by subtraction of the control current from the current observed in MLC1-transfected cells. The 
right-hand panels show the corresponding current-voltage relationships of control (B), MLC1-transfected (D), or 
pure MLC1 induced current (F). The graph represents the mean of the fi rst 10ms (open circle), or the last 10ms 
(fi lled circle) of the steady state. 
MLC1-induced currents in Sf9 cells
To elucidate the issue whether MLC1 itself is a chloride channel  or is a binding partner 
of such a channel, indispensable for its function, we studied chloride currents in Sf9 
insect cells, over-expressing wild-type or mutant MLC1, under diff erent experimental 
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conditions (Figure 3A). These cells do not contain a MLC1 ortholoque and therefore most 
likely also lack the natural binding partners of MLC1. In Sf9 cells, transfected with wild-
type MLC1, currents were small, both at negative and positive voltages under iso-osmotic 
conditions (Figure 3B). MLC1 is localized in astrocytes 4,5. Because many chloride currents 
in astrocytes are known to be volume-sensitive 14, we decided to record chloride currents 
after pre-treatment with hypo-osmotic solutions to induce cell swelling. Hypotonic pre-
treatment robustly increased the currents at negative and positive voltages (Figure 3C). 
The current profi les in hypo-osmotic conditions were similar to the profi les of the chloride 
currents recorded in MLC1-transfected HEK293 and HeLa cells (Figure 2) with reversal of 
the current at 0mV and outward rectifi cation. Tamoxifen completely inhibited the currents 
induced by hypotonic conditions (Figure 3D). Adding ATP to the pipette solution had no 
eff ect on both the outward rectifi cation and the inward chloride currents (Figure 3E). 
Sf9 cells, transfected with mutant MLC1 constructs (MLC1_S93L and MLC1_C326R) and 
recorded upon hypo-osmotic shock, showed dramatically reduced chloride currents as 
compared to Sf9 cells transfected with wild-type MLC1 (Figure 3F and 3G).
Chloride channel activity associated with volume regulation in control human 
lymphoblasts
We then studied chloride currents in human lymphoblasts, which express MLC1 
endogenously. In control lymphoblasts currents were small under iso-osmotic conditions 
(Figure 4A). To test whether these cells are also volume-sensitive, we recorded chloride 
currents after pre-treatment with hypo-osmotic solutions. Hypotonic pre-treatment 
robustly increased the currents at negative and positive voltages (Figure 4A). The current 
profi les in hypo-osmotic conditions were similar to the profi les of the chloride currents 
recorded in hypo-shocked MLC1-transfected Sf9 cells (Figure 3) with reversal of the 
current at 0mV and outward rectifi cation. Tamoxifen completely inhibited the currents 
induced by hypotonic conditions in control lymphoblasts (Figure 4B).
MLC patient-derived lymphoblasts do not display chloride channel activity 
associated with volume regulation
MLC patient-derived lymphoblasts express mutant MLC1 endogenously and form an 
excellent experimental tool as a natural MLC1 mutant model. Chloride currents were 
recorded in two diff erent MLC patient lymphoblast lines. Patient 1 is homozygous 
for the missense mutation c.736A>C causing a p.Ser246Arg change and patient 2 is 
homozygous for an insertion (c.135_136insC) resulting in a frameshift and a premature 
stop (p.Cys46LeufsX34) (Table 1). Hypo-osmotic pre-treatment failed to induce chloride 
currents in both cell lines (Figure 4C, D).
T
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Figure 3: MLC1-induced chloride currents in Sf9 cells. (A) A schematic representation of protocols used. The 
two upper bars represent the standard procedure without hypo-shock, where cells are kept in iso-osmotic bath 
solution for at least 5 minutes before recording. The lower bars show experimental set-up for incubation in hypo-
osmotic bath solutions before recording in standard bath solution. The colors indicate the cells used (transfected 
with wild-type MLC1: red, blue, brown, or pink; transfected with a control GFP construct: black or gray) and the 
osmotic conditions of the bath solutions (red, or black are iso-osmotic, pink, blue, brown and gray are hypo-
osmotic). The arrows indicate the starting point of the measurements. (B) Current-voltage (I-V) relationships of 
control (black trace, n=8) and MLC1-transfected cells (red trace, n=9). (C) I-V relationship obtained under hypo-
osmotic conditions of control (gray trace, n=8) and MLC1-transfected cells (pink trace, n=12). (D) I-V relationship 
obtained under hypo-osmotic conditions of MLC1-transfected cells (pink trace, n=12) and after adding 2μM 
Tamoxifen (blue trace, n=8) to the bath solution. (E) I-V relationship obtained under hypo-osmotic conditions 
of MLC1-transfected cells (pink trace, n=12) and after adding 2mM ATP to the pipette solution (brown trace, 
n=8). (F) The average I-V relationship obtained under hypo-osmotic conditions of whole-cell chloride current in 
pEGFP-N1 (control, gray trace, n=8), pEGFP-N1 plus pCDNA-HA-MLC1_S93L (cyan trace, n=10) and pEGFP-N1 plus 
pCDNA-HA-MLC1_C326R (green trace, n=10) transfected cells. (G) The amplitude of the chloride current obtained 
under hypo-osmotic conditions at 100mV of MLC1 (pink bar, n=12), control (gray bar, n=8), mutant_S93L (cyan 
bar, n=10) and mutant_C326R (green bar, n=10). Currents measured with wild-type MLC1 were signifi cantly 
diff erent from mutant and control. In the panels C-E, the I-V profi les of the MLC1-transfected cells are outwardly 
rectifying. Statistically signifi cant diff erences are indicated by asterisks (*p<0.05; **p<0.01). For full colour fi gure 
see Appendix.
regel 1
regel 2
regel 3
regel 4
regel 5
regel 6
regel 7
regel 8
regel 9
regel 10
regel 11
regel 12
regel 13
regel 14
regel 15
regel 16
regel 17
regel 18
regel 19
regel 20
regel 21
regel 22
regel 23
regel 24
regel 25
regel 26
regel 27
regel 28
regel 29
regel 30
regel 31
regel 32
regel 33
regel 34
regel 35
regel 36
regel 37
regel 38
regel 39
108
MLC1 Mutations cause Dysfunction of Chloride Channel Activity
Figure 4: Loss of VRAC activity in MLC patient-derived lymphoblasts. (A) I-V relationship of control lymphoblasts 
obtained under iso- (red trace, n=13) and hypo-osmotic (pink trace, n=9) conditions. (B) I-V relationship of control 
lymphoblasts obtained under hypo-osmotic conditions (pink trace, n=9) and after adding 10μM Tamoxifen (blue 
trace, n=5) to the bath solution. (C) I-V relationship of MLC lymphoblasts derived from patient 1 (homozygous for 
c.373T>C mutation in MLC1) obtained under iso- (black trace, n=9) and hypo-osmotic (gray trace, n=7) conditions. 
(D) I-V relationship of MLC lymphoblasts derived from patient 2 (homozygous for c.135insC mutation in MLC1) 
obtained under iso- (black trace, n=10) and hypo-osmotic (gray trace, n=9) conditions. In panels A and B the 
I-V profi les of the control lymphoblasts cells are outwardly rectifying. Statistically signifi cant diff erences are 
indicated by asterisks (*p<0.05; **p<0.01). For full colour fi gure see Appendix.
Relative changes in cell volume caused by external osmotic challenge
To test whether the MLC1 protein is involved in cell volume regulation, lymphoblasts 
of control subjects and MLC patients were monitored under hypo-osmotic conditions 
by loading them with Calcein and measuring cell diameter and fl uorescence. In control 
lymphoblasts, the cell diameter increased during hypo-osmotic challenge (Figure 5A). 
Average cell fl uorescence decreased concomitantly. Upon returning to iso-osmotic 
conditions, the cell diameter returned to its initial value. In control lymphoblasts Tamoxifen 
prevented changes in both cell diameter (Figure 5A) and average fl uorescence (Figure 5B). 
In contrast to control lymphoblasts, cell diameter (Figure 5A) and average fl uorescence 
(Figure 5B) of patient-derived lymphoblasts remained unchanged under hypo-osmotic 
conditions. The fact that MLC patient-derived cells lack a hypo-shock response indicates 
that MLC1 is directly or indirectly involved in osmotic volume regulation. 
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Figure 5: MLC1 is essential for volume regulation in lymphoblasts. (A) Shows the diff erence in average relative 
diameter, obtained under iso- or hypo-osmotic conditions, between control lymphoblasts in the absence (red 
trace, n=16) and in the presence of 10μM Tamoxifen (blue trace, n=5) and MLC patient-derived lymphoblasts 
(black trace, n=5). Cells were bathed in a standard iso-osmotic solution that was then switched to a hypo-osmotic 
solution (black bar). Statistically signifi cant diff erences are indicated by asterisks (**p<0.01). (B) Shows the 
diff erence in average relative fl uorescence, obtained under iso- and hypo-osmotic conditions, between calcein-
loaded control lymphoblasts in the absence (red trace, n=16) or presence of 10μM Tamoxifen (blue trace, n=5) 
and MLC patient-derived lymphoblasts (black trace, n=5). For full colour fi gure see Appendix.
Discussion
MLC patients are normal at birth and develop macrocephaly during the fi rst year of life 1. 
MRI then reveals abnormal and swollen cerebral white matter with increased water content 
1,2. Electron microscopy of brain tissue from a MLC patient revealed that the white matter 
edema is caused by numerous vacuoles within myelin sheaths 6 and, to a lesser extent, 
astrocytic endfeet. Cerebral white matter contains hardly any myelin at birth and acquires 
most of its myelin during the fi rst year of life. Thus, the clinical and neuroradiological 
characteristics of MLC develop during a period of rapid myelin deposition, suggesting 
that the vacuoles may be formed in myelin during the process of its deposition. 
Although, the genetic defect of MLC was elucidated in 2001 3, the function of MLC1 
remained unknown. In the present study, we identifi ed an association between MLC1 
expression and a chloride channel activity associated with volume regulation. The 
activity of this chloride channel shows similarities with the activity of the so-called 
volume-regulated anion channels (VRACs). VRACs have been studied for more than ten 
years and the biophysical characteristics have been investigated extensively (reviewed 
in 15,16). The specifi c criteria for VRAC activity are the following 16,17: (I) currents are mainly 
carried by chloride; (II) currents are outwardly rectifying and display only time-dependent 
inactivation at high positive potentials; (III) VRAC is activated by hypo-osmotic shock and 
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associated cellular swelling; (IV) VRAC is inhibited by anti-estrogens (Tamoxifen); and 
(V) VRAC activation requires intracellular ATP. In this study we show that the chloride 
channel activity associated with the presence of wild-type MLC1, both under conditions 
of endogenous expression and after cell transfection, fulfi lls the fi rst four criteria. The 
only discrepancy is that intracellular ATP hardly aff ects activation of MLC1. However, the 
data on ATP-dependence of VRAC activity are contradictory 18. Based on these results we 
conclude that MLC1 is either a chloride channel involved in volume regulation or a protein 
indispensable for the function of such channel. To elucidate the latter issue, we studied 
Sf9 insect cells, which are evolutionary very distant from human cells. They do not contain 
a MLC1 ortholoque and therefore most likely also lack the natural binding partners of 
MLC1. The fi nding that MLC1 expression induced a chloride current profi le associated with 
volume regulation in Sf9 cells strongly suggests that MLC1 harbors a channel function 
itself. Previous negative results to fi nd a channel function for MLC1 may be due to the 
inability to fi nd the opening conditions of the channel or to the specifi c experimental 
conditions (See Materials and Methods and Supplementary Figure 1) 5,19. 
Maintaining water homeostasis and osmotic balance is of vital importance in the brain 
and therefore tightly controlled and regulated. Astrocytes are pivotal in this process. 
They are highly sensitive to changes in extracellular osmolarity and display prominent 
cell volume changes as part of the osmo-regulatory process. The general concept is that 
hypo-osmotic conditions induce cell swelling, which is followed by a so-called “regulatory 
volume decrease”, in which VRACs, activated by cell swelling, play a key role 20. 
MLC patient-derived lymphoblasts lack the chloride current profi le as well as cell swelling 
under hypo-osmotic conditions. Strikingly, the lack of cell swelling under hypo-osmotic 
conditions is also seen in control lymphoblasts, when the chloride channel function is 
inactivated by Tamoxifen. Hence, water infl ux and the activity of this MLC1-related 
chloride channel must either be mutually dependent, co-regulated, or use the same 
channel in these cells. In astrocytes, a functional interdependence between MLC1 and 
a water channel could involve the water channel Aquaporin-4 (AQP4), which is, like 
MLC1, localized in astrocytic endfeet 4,21. Interestingly, Benfenati et al. demonstrated that 
knockdown of AQP4 in rat astrocytes leads to a decrease of VRAC-mediated currents 22, 
supporting such functional interdependence. So far, we have been unable to confi rm a 
physical interaction between MLC1 and AQP4 despite extensive immuno-precipitation 
studies (data not shown). Alternatively, one may consider the possibility that activated 
chloride channels themselves are able to transport water 23. Further detailed studies are 
required to unravel the relationship between this MLC1-associated chloride channel and 
water homeostasis. 
Although MLC1 is present in both leukocytes and brain 4, the expression is much higher 
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in brain than in leukocytes (see Table 2). Therefore, the implications of our fi ndings are 
much more important for astrocytes than for leukocytes and negligible for other cell 
types, explaining the exclusive brain involvement in MLC. 
MLC is a disease model for a defect in the activity of a chloride channel involved in 
volume regulation in astrocytes. Our study confi rms the essential role of these channels 
in cerebral water homeostasis and implies that dysfunction may have detrimental eff ects, 
in particular during early brain development. At this point we can only speculate on 
how a chronic defect in chloride channel involved in volume regulation during brain 
development could lead to water accumulation within myelin sheaths and to a lesser 
extent astrocytic endfeet. Since patients are normal at birth, rescue of this function in the 
fi rst few months of life may prevent the disease or modify its course. 
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1. Clinical Description 
The studies described in this thesis all started when a ten-year-old boy with macrocephaly 
and cerebellar ataxia visited the out-patient department of the VU University Medical 
Center in 1991. MRI analysis revealed that this boy had a disease involving the white matter 
of the brain. Soon after this patient other patients with strikingly similar clinical and MRI 
features were detected, as reported by Van der Knaap et al 1. Since then several other 
groups have described similar cases 2-10. In none of these children a specifi c diagnosis 
could be established or a basic biochemical defect could be identifi ed. The homogeneous 
clinical picture and MRI fi ndings were suggestive of a ‘new’ disease entity, now known 
as ‘Megalencephalic Leukoencephalopathy with subcortical Cysts’ (MLC). Characteristic 
clinical features of the disease are a macrocephaly that arises in the course of the fi rst 
year of life and a delayed onset of motor deterioration, dominated by cerebellar ataxia. 
Characteristic MRI features include diff use cerebral white matter signal abnormalities, 
swelling of the aff ected white matter, and the typical subcortical cysts 1. 
2. Discovery of the MLC1 gene
The high frequency of consanguinity of the parents and occurrence of families with 
two aff ected siblings suggested an autosomal recessive mode of inheritance. In the late 
nineties we had collected enough informative families (four consanguineous families 
and one family with two aff ected children) to start a genetic linkage study with micro-
satellite markers. In the mean time, a Turkish-French consortium detected the locus for 
the disease gene at the very end of the long arm of chromosome 22 (22qtel) 
11. The critical 
region, however, was too large to identify the disease gene. We used the information of 
our families to limit the critical region to a DNA stretch that only contained four genes. 
Mutation analysis showed mutations in the second gene investigated, KIAA0027, which 
we renamed into MLC1. The discovery of this gene is described in chapter 2. 
3. Characterization of the MLC1 gene
3a. Types of mutations
Over the years many diff erent mutations in the MLC1 gene have been found 12-22. These 
mutations are distributed along the whole gene and include all diff erent types: splice-
site mutations, nonsense mutations, missense mutations, deletions, and insertions. 
T
T
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Novel mutations in our patient population are described in chapter 3. In chapter 4 an 
update is given describing all mutations found up to 2005. Although most families have 
unique mutations, evidence for a founder eff ect is present in four communities 13,16,18,20. 
The strongest evidence for a founder eff ect is found in the Indian Agarwal community 
13,20. All patients within this community share the same insertion (c.135_136insC) causing a 
frameshift (p.Cys46LeufsX34) and the appearance of a premature stop.
3b. Extended mutation analysis
In about 20% of the typical MLC cases, diagnosed by clinical and MRI criteria, no or only 
one MLC1 mutation can be found. One reason for not fi nding mutation(s) is the standard 
mutation analysis at genomic level, which may miss heterozygous deletions, mutations 
in the promoter or 3’- and 5’-untranslated regions, and intron mutations that may aff ect 
splicing of the mRNA. For this reason, we performed extended mutation analysis in 
patients that have only one or no mutations in the MLC1 gene. This analysis included 
sequencing of cDNA derived from lymphoblasts of the patients to show any missed 
splice-site mutations, and qPCR to elucidate diff erences in expression levels of the MLC1 
gene. Chapter 4 provides, in addition to the mutation update, information on mutations 
found with the extended mutation analysis.
3c. Evidence for additional genes involved in MLC
Several families, in which no mutations are found, also do not show linkage with the 
MLC1 locus. This indicates that there must be more than one gene associated with MLC 
14,21,23. Therefore linkage analysis was performed in four informative families, without 
mutations in the MLC1 gene and without linkage on the MLC1 locus, which resulted in 
several candidate regions. Some promising genes in these regions were sequenced, 
but unfortunately no mutations have been found. Since there are too many candidate 
regions, this study will only be continued when DNA from additional informative families 
will become available that can possibly reduce this number. It should be noted that the 
identifi cation of multiple candidate regions may not only be due to the limited number of 
informative families, but can also be the result of several additional genes being involved 
in MLC. 
The consequence of the above fi ndings is that the diagnosis remains primarily based on 
clinical and MRI fi ndings. Thus, if the MRI shows the typical features of MLC in an ataxic 
patient with macrocephaly, the diagnosis is MLC even if no mutations are found in the 
MLC1 gene.  
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4. Genotype-phenotype correlation
 
No genotype-phenotype correlation has been observed. So, the severity of the phenotype 
does not appear to correlate with the type and position of the mutation(s) in the gene. 
There is no phenotypic diff erence between MLC patients with mutations in MLC1 and 
patients without. Patients from the Agarwal community, who are all homozygous for the 
same mutation, exhibit a wide phenotypic variation. 
5. Localization of the MLC1 protein
The MLC1 gene encodes a 377 amino acid plasma membrane protein, called MLC1. In 
chapter 5 we report that this protein contains eight transmembrane domains and that 
it is highly conserved throughout evolution in a variety of myelin-producing vertebrates 
(see Figure 1). Moreover we show that, in the brain, MLC1 is expressed in distal processes 
of astrocytes at the blood-brain and CSF-brain barriers and in the cellular processes of 
Bergmann glia. This specifi c localization of MLC1 strongly suggests that MLC1 is localized 
in astroglial endfeet, but higher-resolution electron microscopic (EM) studies are necessary 
to show the exact localization. In support of this suggestion, Teijdo et al. already showed 
that mouse MLC1 is expressed in astrocytic endfeet 24. Besides the expression in brain, 
MLC1 is also expressed in all types of leukocytes, as shown in chapter 5. The signifi cance 
of this expression remains unclear. There is no evidence that mutations in the MLC1 gene 
cause a defect in leukocyte function in patients.
Recently, Teijido et al. 25 published a paper about the expression of MLC1 in mice. They 
showed that MLC1 is expressed in neurons in the adult mouse brain. In addition, EM 
studies showed a more precise localization of MLC1 in the plasma membrane and in 
vesicular structures of neurons. In the developing brain, MLC1 was mainly expressed 
in axonal tracts during early stages of development. So far, we have not been able to 
confi rm these results in humans. We, however, did not immuno-stain the complete 
human brain systematically yet. Another contradiction with the human situation is MLC1 
expression in the peripheral nervous system. The lack of expression in humans is in line 
with the absence of ‘peripheral dysfunction’ in MLC patients. Teijido et al. also described 
EM studies showing that MLC1 is localized in astrocyte-astrocyte junctions, and not in 
the perivascular membrane. They therefore concluded that MLC1 can not be a part of the 
dystrophin-associated glycoprotein complex (DGC) (see chapter 6 for further discussion). 
To confi rm or reject these fi ndings between species it is necessary to perform EM-studies 
in the human brain.
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It is important to note that MLC is the second genetic defect that specifi cally involves an 
astrocytic protein. The fi rst genetic defect was described in 2001 by Brenner et al. who 
demonstrated that Alexander disease is caused by mutations in GFAP, a cytoskeleton 
protein that is only present in astrocytes 26. Interestingly, both MLC and Alexander disease 
are childhood leukoencephalopathies. 
Figure 1: Alignment of the protein products of the MLC1 genes of several vertebrates. Gray block Conservative 
diff erences black blocks highly conserved. The eight predicted transmembrane domains are boxed.
6. Binding partners of MLC1
A multi-subunit complex called the dystrophin-glycoprotein complex (DGC) is expressed 
in astrocytic endfeet 27. This complex is expressed in diff erent tissues and has been 
characterized best in skeletal muscle where it connects the cytoskeleton of a muscle fi ber 
to its surrounding extracellular matrix 28. Mutations in diff erent components of the DGC 
disrupt this complex and lead to various muscular dystrophies. In the congenital muscular 
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dystrophies (CMDs), the muscular phenotype is often combined with brain abnormalities, 
including white matter abnormalities. 
From early on, a striking similarity in MRI features of MLC and CMD with merosin defi ciency 
(MDC1A) was noted 1,29. MDC1A is caused by mutations in the LAMA2 gene, encoding the 
laminin-α2 chain of merosin 30, a member of the DGC. Patients with MDC1A also have 
diff usely abnormal, mildly swollen cerebral white matter and in some cases there are 
anterior temporal cysts 29. In addition, microscopic examination of the brain revealed 
myelin vacuolation in MDC1A, similar to MLC 31. The striking similarities in MRI features 
and pathology between MLC and MDC1A, together with the specifi c localization of both 
MLC1 and merosin at astrocytic endfeet, led to the hypothesis that the MLC1 protein 
might be associated with the DGC in the brain (chapter 6). 
To test this hypothesis, a general feature of the DGC was used: if one of its composing 
proteins is mutant or missing, the complex can be instable and other DGC-members 
can show reduced or altered expression 32-38. We, therefore, tested the (co-) localization 
of MLC1 and several DGC-members in control, glioblastoma and MLC brain tissue. The 
results in chapter 6 show an almost perfect co-localization of MLC1 and members of 
the DGC. Altered expression of MLC1 and aquaporin-4 was found in glioblastoma tissue. 
Additionally, the absence of MLC1 and altered expression of both agrin, Kir4.1 and D-
dystroglycan in brain tissue of MLC patients was demonstrated. Furthermore, a direct 
protein interaction between MLC1 and Kir4.1 was shown. Unfortunately, we were not 
able to immunoprecipitate multiple DGC-members with MLC1 antibodies, despite great 
eff orts of two laboratories (Amsterdam and Barcelona). This might be due to the inability 
of these antibodies to immunoprecipitate or because immunoprecipitation is not 
possible between these proteins. Together the above fi ndings provide strong evidence 
for an association between MLC1 and DGC-members. Ambrosini et al. 39 recently provided 
additional evidence for functional and structural relationships between MLC1 and the 
DGC.
Virtually all known defects in DGC-proteins have been associated with a muscular 
dystrophy, which is absent in MLC patients. This may be due to a diff erence in DGC 
composition for muscle compared to brain tissue. Whereas merosin is expressed both in 
muscle and brain, MLC1 is not expressed in skeletal muscle. 
Another striking similarity between MLC and MDC1A is in that both diseases the water 
content of the aff ected white matter is abnormally high due to intramyelinic vacuole 
formation. The DGC is crucial for anchoring of water and potassium channels at the 
perivascular endfeet. Disruption of the DGC may lead to altered ion and water homeostasis 
of the brain and result in an increased water content within myelin. 
T
regel 1
regel 2
regel 3
regel 4
regel 5
regel 6
regel 7
regel 8
regel 9
regel 10
regel 11
regel 12
regel 13
regel 14
regel 15
regel 16
regel 17
regel 18
regel 19
regel 20
regel 21
regel 22
regel 23
regel 24
regel 25
regel 26
regel 27
regel 28
regel 29
regel 30
regel 31
regel 32
regel 33
regel 34
regel 35
regel 36
regel 37
regel 38
regel 39
119
8
7. Functional studies on the MLC1 protein
Several observations prompted us to state the hypothesis that MLC1 has a transporter 
or channel function. First of all, amino acid sequence analysis reveals a weak, similarity 
between MLC1 and potassium channel Kv1.1, ABC-2 type transporters, and sodium:
galactoside symporters. Secondly, MLC1 contains an internal repeat, found in several ion 
channel proteins. Based on these theoretical fi ndings, several papers have suggested a 
possible transporter function of the MLC1 protein 20,24,40,41. Thirdly, as described in chapter 
5, MLC1 has eight transmembrane domains. At the time, the Swissprot database contained 
22 human proteins with eight transmembrane domains of which the majority (17 proteins) 
has a transporter or channel function. 
To test this hypothesis we applied the whole-cell patch clamp technique and 
demonstrated that the MLC1 expression-induced current is carried by chloride (chapter 
7). In chapter 7 we also described that this chloride transport is associated with volume 
regulation. The chloride channel activity shows similarities with the activity of the so-
called volume-regulated anion channels (VRACs). The modulation of this VRAC has been 
hypothesized to infl uence astrocytic cell volume and ion homeostasis in the brain 42. 
Although the biophysical characteristics of VRACs have been investigated extensively 
43,44, the related proteins have not been identifi ed. Specifi c criteria for VRAC activity have 
been published: (I) VRAC is activated by hypo-osmotic shock and associated cell swelling; 
(II) currents through VRAC are outwardly rectifying and display only time-dependent 
inactivation at high positive potentials; (III) VRAC currents are mainly carried by chloride; 
(IV) VRAC is inhibited by anti-estrogens (for example Tamoxifen); and (V) VRAC activation 
requires intracellular ATP 44,45. In our study we show chloride channel activity associated 
with the presence of wild-type MLC1. Based on these results we conclude that MLC1 is 
either a chloride channel involved in volume regulation or a protein indispensable for the 
function of such channel. To elucidate the latter issue, we studied Sf9 insect cells, which 
are evolutionary very distant from human cells. They do not contain a MLC1 ortholoque 
and therefore most likely also lack the natural binding partners of MLC1. The fi nding that 
MLC1 expression induced a chloride current profi le associated with volume regulation 
in Sf9 cells strongly suggests that MLC1 harbors a channel function itself. Interestingly, 
recently Blanz et al. 46 published a paper about chloride channel CLC-2 knock-out mice, 
that show brain pathology that is highly similar to MLC brain pathology. This is another 
hint that MLC1 may indeed be involved in chloride transport.
MLC patientderived lymphoblasts lack the chloride current profi le as well as cell swelling 
under hypo-osmotic conditions. Strikingly, the lack of cell swelling under hypo-osmotic 
conditions is also seen in control lymphoblasts, when chloride channel function is 
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inactivated by Tamoxifen. Hence, water infl ux and the activity of this MLC1-related 
chloride channel must either be mutually dependent, co-regulated, or use the same 
channel in these cells. In astrocytes a functional interdependence between MLC1 and a 
water channel could involve the water channel Aquaporin-4 (AQP4), which is, like MLC1, 
localized in astrocytic endfeet 34,47. In addition, both MLC1 and AQP4 are associated with 
the DGC (chapter 6).  Interestingly, Benfenati et al. demonstrated that knockdown of 
AQP4 in rat astrocytes leads to a decrease of VRAC-mediated currents 48, supporting such 
functional interdependence. In addition, Amiry-Moghaddam et al. showed an example of 
functional interdependence between AQP4 and another ion channel (Kir4.1) in astrocytic 
endfeet, which is also part of the DGC. Disruption of the AQP4 localization severely aff ected 
the Kir4.1 function, but its localization was unchanged 49. So far, we have been unable 
to confi rm a physical interaction between MLC1 and AQP4 despite extensive immuno-
precipitation studies (data not shown). Alternatively, one may consider the possibility that 
activated chloride channels themselves are able to transport water 50. Further detailed 
studies are required to unravel the relationship between this MLC1-associated chloride 
channel and water homeostasis. 
The complete absence of chloride currents in cells from patients with a frame-shift 
mutation is indicative of a non-functional channel in these patients. Similar fi ndings, 
however, were obtained in cells from a MLC patient with missense mutations. Absence 
of function cannot be solely explained by a complete absence of MLC1 in the plasma 
membrane, because Teijido et al. 24 showed that a signifi cant amount of MLC1 with amino 
acid substitutions is expressed in the plasma membrane. Amino acid changes probably 
aff ect the conformation of the protein and abolish its function.
In chapter 7 evidence was provided that increased white matter water content and 
vacuolation of myelin and astrocytic endfeet are the cellular consequences of MLC1 
dysfunction. In chapter 5 it was reported that MLC1 is almost exclusively present in 
leukocytes and brain tissue. There is, however, no evidence for abnormal leukocyte 
morphology or function. In addition, it was shown in chapter 7 that MLC1 expression 
is much higher in brain than in leukocytes, indicating that the implications of our 
electrophysiological fi ndings are much more important for astrocytes than for leukocytes 
and negligible for other cell types. The diff erential expression of MLC1 would explain the 
exclusive involvement of the cerebral white matter in MLC. Chloride channel activity 
associated with cell swelling has been documented in many diff erent cell types. This 
activity in cells other than astrocytes is probably attributable to proteins other than MLC1. 
In line with this, VRAC kinetics and pharmacology have been shown to be diff erent for 
diff erent tissues, indicative of the molecular diversity of VRAC 45. 
In summary, our data suggest that MLC1 with a normal function is an absolute prerequisite 
for chloride channel activity associated with cell swelling, given the total lack of hypo-
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osmotically induced chloride currents in MLC patient-derived cells. The ultimate test 
to show whether MLC1 is a volume-regulated chloride channel is to isolate the MLC1 
protein in a lipid bilayer, containing no other proteins than MLC1, and to record the 
response to whole-cell chloride currents in both iso- and hypotonic conditions, or to 
show anion-selectivity changes by using mutant MLC1 constructs. It might, however, 
be diffi  cult to fi nd the amino acid changes that are important for pore properties and 
gating. Alternatively, MLC1 may be a component of a complex in which another channel 
protein has chloride channel activity. In astrocytes, proper MLC1 function would then be 
an absolute requirement for activity of this complex. 
8. Remaining questions
One of the most important remaining question of this thesis is how dysfunction of chloride 
channel activity, associated with volume regulation in astrocytes, leads to inclusion of 
vacuoles in the outer layers of the myelin sheaths and in astrocytic endfeet. This question 
is not easy to answer. Patient data indicate that the head circumference and neurological 
condition are normal at birth. The head circumference increases rapidly over the fi rst year 
of life and by 9-12 months all patients have a prominent macrocephaly. At birth, the brain 
contains hardly any myelin and brain development during the fi rst year of life is dominated 
by rapid myelin deposition in the white matter. This suggests that the deposited myelin 
contains countless vacuoles from the beginning, explaining that the megalencephaly and 
associated macrocephaly arise at the same time as the myelin is deposited. 
During this process of myelination, substantial amounts of water need to be removed 
for a proper compact myelin sheath formation. Kamasawa et al. 2005 suggests two 
pathways to transport excess ions and water to the external layers of the myelin sheath: 
(I) cytoplasmic diff usion via the cytoplasmic loops of myelin at paranodes and Schmidt-
Lanterman incisures, or (II) more direct radial diff usion to the outer layer by interlamellar 
connexin32-containing gap junctions. From the outer lamellae of the myelin sheath, 
ions and water are transported through oligodendrocyte-to-astrocyte gap junctions 
(containing both connexin32 and connexin46.6 (same as connexin47 in mice)) into the 
astrocytic syncytium and then passed on to astocytic endfeet at capillaries and the 
glia limitans 51. Insuffi  cient clearance of water and ions due to dysfunctional chloride 
channel activity may lead to inclusion of vacuoles in myelin sheaths during deposition. 
Once trapped, the vacuoles may be permanent. The likelihood of this interpretation is 
substantiated by the Cx32/Cx47 double knockout mouse that displays vacuoles in the 
innermost and outermost myelin layers 52. 
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9. Possible treatment for MLC patients
The phenomenon that MLC patient-derived lymphoblasts are not able to swell under 
hypotonic conditions can be used in the search for treatment of MLC. By high throughput 
screening of large libraries of chemicals, the ability of individual chemicals to increase cell 
swelling in patient-derived lymphoblasts can be tested. The ideal is to fi nd a molecule 
that is specifi c and will not interfere with other, related targets 53. 
Recently Welch et al. published a paper about a new drug with potential therapeutic 
options for patients with nonsense mutations. In this paper a new chemical entity, PTC124, 
was described that selectively induces ribosomal read-through of premature terminations 
codons by performing throughput screenings 54. Table 1 in chapter 5 describes two MLC 
patients who have a premature stop-codon mutation in one or both alleles (p.Tyr71X). 
Eventhough stop-codon read-through will produce mutant MLC1, this mutant protein 
might have residual chloride channel activity and, therefore, might still help to alter the 
disease course. Studies in muscle cell cultures of Duchenne muscular dystrophy patients or 
mdx mice (mouse model for Duchenne muscular dystrophy) already showed that PTC124 
can be useful as therapeutic agent. If PTC124 is able to cross the blood brain barrier, this 
drug might also be benefi cial in MLC patients with nonsense mutations. 
Curcumin is the principal curcuminoid of the Indian curry spice turmeric. Curcumin is 
known for its anti-tumor, antioxidant, anti-amyloid and anti-infl ammatory properties. 
In 2004 Egan et al. reported on the potential use of curcumin as a novel drug for the 
treatment of Cystic Fibrosis (CF) patients 55. Curcumin increases the expression of 
membrane proteins in the plasma membrane. CF is caused by mutations in the gene 
encoding the cystic fi brosis transmembrane conductance regulator (CFTR) that functions 
as a chloride channel and controls the regulation of other transport pathways. The most 
common mutation (p.Phe508del) in CF patients results in the production of a misfolded 
protein that is retained in the endoplasmic reticulum and targeted for degradation. Egan 
et al. demonstrated that oral curcumin treatment leads to successful targeting of mutant 
CFTR to the plasma membrane and partially restoring CFTR function in CFTR mice and 
baby hamster kidney cells 55. The data presented in this paper suggest that curcumin 
might also prove to be useful as a therapy for MLC patients with mutations that cause 
protein misfolding and reduced membrane expression. Preliminary results of cells treated 
with curcumin and overexpressing mutant MLC1 (Ser280Leu) show indeed increased 
membrane expression (personal communication Raul Estevez). Further experiments, 
however, are needed to test whether increased membrane expression of MLC1 also leads 
to partial recovery of the function. 
T
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10. Future experiments with animal models 
To unravel the exact mechanism behind myelin and astrocytic endfeet vacuolation and to 
test possible therapies, the use of animal models will be indispensable. If the knock-out 
of MLC1 in the mouse leads to vacuolation of myelin and astrocytic endfeet, this model 
can be used to study the development of vacuoles during the deposition of myelin by 
sacrifi cing the animals at diff erent embryonic and postnatal stages. 
An animal model can also be used to further support the existence of a functional 
relationship between aquaporins and MLC1. In embryonic brain the presence of a large 
extracellular volume allows the diff usion of water and ions through vessels not surrounded 
by astrocytes. Later during development and blood-brain barrier diff erentiation, the glial 
processes envelop endothelial cells and form a perivascular sheath. When this process 
comes to an end, the extracellular space is dramatically reduced 56. To reach a volume 
fraction typical of adulthood the development of specifi c transporter mechanisms for 
water and ions is required. Interestingly, rodents start to buff er extracellular potassium 
during the fi rst 2-3 weeks of life in correspondence with a marked increase in AQP4 levels 
56. If there is indeed a functional relationship between MLC1 and AQP4, we can hypothesize 
that the expression levels of MLC1 are in correspondence with the increased levels of both 
AQP4 and Kir4.1. This hypothesis can be tested by investigating the expression levels of 
MLC1, AQP4 and Kir4.1 in mice by sacrifi cing the animals at diff erent time points during 
development and especially at the time the blood-brain barrier is formed.
More distant future experiments with a MLC1 knock-out mouse model can be MLC1 gene 
transfer and cell transplantation. The adeno-associated virus mediated gene transfer 
to the brain has been used in an ASPA knock-out mouse 57, which is a model for the 
leukodystrophy known as Canavan disease. In this knock-out mouse the improvements 
observed in MRI of the brain were sustained till 3–5 months after injection. A disadvantage 
of this approach is that the eff ect of the gene transfer is predominantly present close 
to the injected site. It is doubtful whether the gene transfer occurs in the entire central 
nervous system, and if the disease is modifi ed in all areas. 
Another approach to recover the lost MLC1 function is cell therapy. This method has 
been already been used with some success in the ASPA knock-out mouse brain, in which 
the implanted neural progenitor cells have been shown to be able to diff erentiate into 
oligodendrocytes and astrocytes 58. Implantation of neural progenitor cells is a promising 
option to recover the lost MLC1 function. 
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1. Klinisch beeld 
De aanleiding van de in dit proefschrift beschreven experimenten is het bezoek van een 
10-jarige Turkse jongen met cerebellaire ataxie (coördinatiestoornissen en onzekere 
gang) en macrocefalie (groot hoofd) aan de polikliniek kinderneurologie van het VU 
medisch centrum in de zomer van 1991 en de bevindingen bij Magnetische Resonantie 
(MR) beeldvorming (MRI) van zijn hersenen. De MR beelden lieten diff uus afwijkende, 
enigszins gezwollen witte stof en subcorticale cystes (holtes onder de hersenschors) zien. 
In de loop der jaren meldden zich meer patiënten met gelijksoortige klinische klachten 
en afwijkingen van de witte stof op de MRI scan 1. Bij geen van deze kinderen kon een 
specifi eke diagnose gesteld of een biochemisch defect ontdekt worden. Het homogene 
klinische beeld en de overeenkomstige MRI afwijkingen deden vermoeden dat het hier 
ging om een ’nieuwe ziekte’, inmiddels bekend als megalencephale leukoencephalopathie 
met subcorticale cysten (MLC). Na de eerste publicatie door Van der Knaap et al.1 hebben 
ook andere groepen MLC patiënten beschreven met dezelfde kenmerkende afwijkingen 
2-10. Karakteristieke klinische kenmerken zijn de macrocefalie, die binnen het eerste 
levensjaar ontstaat, epilepsie, toenemende ataxie en een milde spasticiteit, waardoor 
de meeste patiënten als tieners in een rolstoel belanden. Verder ontwikkelen patiënten 
tijdens de lagere school periode een achteruitgang in de intelligentie, met als gevolg 
dat de meeste kinderen speciaal onderwijs moeten gaan volgen. MRI beelden tonen 
kenmerkende afwijkingen in de vorm van een diff uus afwijkend signaal van de cerebrale 
witte stof, zwelling van de aangedane witte stof en subcorticale cysten 1.  
2. Ontdekking van het MLC1 gen 
Het relatief hoge aantal consanguine (verwante) ouders en het voorkomen van gezinnen 
met twee patiënten wees op een autosomaal recessief overervingspatroon. Aan het eind 
van de jaren negentig was er genetisch materiaal van vijf informatieve families verzameld 
(vier families met consanguine ouders en één gezin met twee aangedane kinderen), 
waarmee genetisch koppelingsonderzoek gestart kon worden. In dezelfde periode vond 
een Frans-Turks consortium een locus voor de ziekte aan het einde van de lange arm 
van chromosoom 22 (22qtel) 
11. De kandidaat (of kritische) regio was echter nog te groot 
om het ziektegen direct te vinden. Met behulp van koppelingsdata van onze families 
kon de kritische regio teruggebracht worden tot een DNA segment dat slechts 4 genen 
bevatte. Door middel van sequentie-analyse zijn mutaties (fouten) gevonden in het derde 
onderzochte gen, KIAA0027, dat we MLC1 genoemd hebben. Dit alles staat beschreven in 
hoofdstuk 2.
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3. Karakterisatie van het MLC1 gen
3a. Soorten mutaties
In de loop der jaren zijn er bij MLC patiënten steeds meer en verschillende soorten 
mutaties (splice-site mutaties, nonsense mutaties, missense mutaties, deleties en inserties; 
zie tekstbox) verspreid over het hele MLC1 gen gevonden 12-22. Nieuwe mutaties in onze 
patiëntenpopulatie staan beschreven in hoofdstuk 3 en 4. Daarnaast bevat hoofdstuk 4 
een samenvatting van alle mutaties die wereldwijd zijn gevonden tot en met 2005. 
De meeste families hebben unieke mutaties. Dat wil zeggen dat elke familie een ‘eigen’ 
mutatie heeft. In slechts vier gemeenschappen zijn er aanwijzingen voor een ‘founder 
eff ect’ aanwezig 13,16,18,20. Het sterkste bewijs voor een founder eff ect is gevonden in de 
Indiaanse Agarwal gemeenschap 13,20. Alle patiënten binnen deze gemeenschap delen 
dezelfde insertie (c.135_136insC), die een frameshift (p.Cys46LeufsX34) veroorzaakt met 
een vroegtijdige stop tot gevolg.
Wat is een genmutatie?
De erfelijke informatie van de mens ligt opgeslagen in het DNA en dat ligt weer opgeslagen in 
chromosomen in de kern van de cel. DNA is een lange keten samengesteld uit 4 bouwstenen. 
Deze bouwstenen worden ook wel ‘basen’ of “nucleotiden” genoemd. De basen van het DNA 
zijn adenine (of A), cytosine (of C), guanine (of G) en thymine (of T). De volgorde van deze letters 
vormt de genetische code. Elk blokje van 3 basen (codon) codeert voor een aminozuur. Het tot 
expressie brengen van de erfelijke code gebeurt in 3 stappen. Allereerst wordt de genetische 
informatie buiten de kern gebracht nadat het DNA is overgeschreven in RNA. Dit proces van 
overschrijven heet transcriptie. De tweede stap is knippen (splicing), een proces waarbij niet-
coderende stukken uit het RNA geknipt worden. Na de splicing blijft het functionele messenger 
RNA (mRNA) over. Tenslotte vindt de translatie van RNA in eiwit plaats waarbij het mRNA als 
een soort matrijs dient waarop een eiwit geproduceerd wordt. Voor een correct verloop van 
transcriptie, splicing en translatie is het noodzakelijk dat er in de erfelijke code signalen liggen 
opgeslagen die aangeven waar een gen begint (startcodon), wat coderend materiaal is en 
waar de vertaling naar eiwit begint en moet ophouden (stopcodon). De zogenaamde splice-
sites, bestaande uit een unieke serie van 6 basen, geven aan waar een serie codons begint (die 
uiteindelijk in een keten van aminozuren wordt vertaald) en waar die ophoudt. De splice-sites 
verdelen daarmee een gen in coderende stukken, exonen genoemd, en in niet-coderende 
stukken, intronen genoemd. 
Een gen kan door veranderingen (mutaties) in de base volgorde een ‘loss-of-function’ (het gen 
dat gemuteerd wordt, werkt niet meer of minder goed) of ‘change-of-function’ (het gen werkt 
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op een andere manier; het wordt bijvoorbeeld altijd actief) krijgen. In het geval van MLC leiden 
de mutaties tot verminderde functie of verlies van functie. Mutaties zijn er in allerlei soorten en 
maten, van het veranderen van een base in de DNA-volgorde (puntmutatie), tot het verwijderen 
(deletie) of toevoegen (insertie) van base(n). Bij een deletie of insertie kan de normale volgorde 
van 3 basen verstoord worden en worden er verkeerde codons afgelezen, totdat er door de 
verandering een stopcodon ontstaat. Dit zijn ernstige zogenaamde ‘frame-shift’ mutaties die er 
meestal toe leiden dat er geen eiwit wordt gemaakt. Daarnaast kunnen er veranderingen in de 
splice-sites voorkomen die leiden tot het onterecht uitknippen van exonen of tot het onterecht 
vertalen van intronen. In dit geval kunnen kleine veranderingen in de basenvolgorde leiden tot 
grote veranderingen in het eiwit.  
Een DNA-test wordt gebruikt om de mutaties in het DNA aan te tonen. Hiervoor wordt 
bloed afgenomen van de patiënt en in het laboratorium wordt de DNA-code van patiënten 
vergeleken met de code van gezonde personen. Dit heet mutatie analyse. 
MLC is een autosomaal recessieve aandoening. Autosomaal wil zeggen niet geslachtsgebonden; 
dus zowel mannen als vrouwen kunnen een mutatie in het gen erven en doorgeven. Recessief 
wil zeggen dat om MLC te krijgen een patiënt zowel het gen van de vader als het gen van de 
moeder met een mutatie moet overerven. Individuen met slechts 1 mutatie zijn dragers en 
hebben de ziekte zelf niet. In het geval van MLC zijn dus beide ouders drager en is de kans op 
een kind met MLC 25%.
3b. Uitbreiding van de mutatie analyse
Bij 20% van de klassieke MLC patiënten, gediagnosticeerd op basis van klinische en MRI 
criteria, wordt geen of maar één MLC1 mutatie gevonden. Het niet vinden van één of twee 
mutaties kan het gevolg zijn van de standaard mutatie-analyse op genomisch niveau. 
Hierdoor kunnen heterozygote deleties, mutaties in de promotor of 5’- en 3’-onvertaalde 
regionen en intron-mutaties die eff ect hebben op het knippen van het mRNA, worden 
gemist. Om dit probleem op te lossen is de mutatie-analyse bij patiënten met één mutatie 
of zonder mutaties in het MLC1 gen uitgebreid. Bij deze methode wordt er cDNA van 
patiënten-lymfoblasten gemaakt, waarvan vervolgens de sequentie wordt geanalyseerd, 
zodat gemiste deleties en splice-site mutaties kunnen worden opgespoord. Verder wordt 
een kwantitatieve polymerase-ketting-reactie (qPCR) uitgevoerd waarmee verschillen in 
expressie-niveaus van het MLC1 gen kunnen worden aangetoond. Hoofdstuk 4 bevat 
informatie over de mutaties die gevonden zijn met behulp van de uitgebreide mutatie-
analyse.
T
regel 1
regel 2
regel 3
regel 4
regel 5
regel 6
regel 7
regel 8
regel 9
regel 10
regel 11
regel 12
regel 13
regel 14
regel 15
regel 16
regel 17
regel 18
regel 19
regel 20
regel 21
regel 22
regel 23
regel 24
regel 25
regel 26
regel 27
regel 28
regel 29
regel 30
regel 31
regel 32
regel 33
regel 34
regel 35
regel 36
regel 37
regel 38
regel 39
131
Samenvatting, Discussie en vooruitzichten
3c. Bewijs voor de betrokkenheid van meerdere genen bij MLC
Een aantal families, waarin geen MLC1 mutaties zijn gevonden, laten ook geen koppeling 
zien met het MLC1 locus. Dit wijst op de betrokkenheid van ten minste één ander 
gen bij de ziekte MLC 14,21,23. Daarom is er opnieuw koppelingsonderzoek gestart met 
4 families zonder mutaties in het MLC1 gen en zonder koppeling met het MLC1 locus. 
Dit heeft geresulteerd in verschillende kandidaat-regionen. Een aantal veelbelovende 
genen in deze regionen zijn geanalyseerd, maar helaas zijn in geen mutaties gevonden. 
Gezien het aantal kandidaatregionen zal deze studie alleen voortgezet worden als er 
DNA van additionele informatieve families beschikbaar komt, die mogelijk het aantal 
kandidaatgebieden reduceren. Daarbij moet in ogenschouw worden genomen dat het 
aantal kandidaatregionen mogelijk niet alleen een gevolg is van het beperkte aantal 
informatieve families, maar ook veroorzaakt kan worden doordat er niet één, maar 
meerdere andere genen betrokken zijn bij MLC.
De bovenstaande bevindingen hebben gevolgen voor het stellen van de diagnose 
MLC. Deze blijft primair gebaseerd op klinische gegevens en MRI-bevindingen. Als deze 
typisch zijn voor MLC, blijft de diagnose ongewijzigd, zelfs als er geen mutaties gevonden 
worden in het MLC1 gen.  
4. Genotype-fenotype correlatie
 
Tot nu toe is er geen genotype-fenotype correlatie gevonden. Dat wil zeggen dat er geen 
verband gevonden is tussen de aard en ernst van de klinische verschijnselen en de soort 
en positie van de mutatie(s) in het gen. Daarnaast is er ook geen verschil in fenotype 
tussen MLC patiënten met of zonder mutatie in het MLC1 gen. Het is belangrijk om op 
te merken dat er ook onder de patiënten uit de Agarwal gemeenschap, die allemaal 
homozygoot zijn voor dezelfde mutatie, een brede fenotypische variatie te zien is. 
5. Lokalisatie van het eiwit
Het MLC1 gen codeert voor het plasma membraaneiwit MLC1 dat uit 377 aminozuren 
bestaat. In hoofdstuk 5 wordt beschreven dat dit eiwit 8 transmembraan-domeinen 
heeft en sterk geconserveerd is tijdens de evolutie (zie Figuur 1 Hoofdstuk 8). Het is in alle 
myeline producerende vertebraten aanwezig. In hetzelfde hoofdstuk wordt aangetoond 
dat MLC1 in de hersenen tot expressie komt in de distale uitlopers van astrocyten in de 
bloed-hersen- en liquor-hersen-barrières en in de cellulaire uitlopers van Bergmann glia. 
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Dit specifi eke expressie patroon wijst er sterk op dat MLC1 gelokaliseerd is in de eindvoetjes 
van astrocyten, maar studies met een hogere resolutie zoals elektronen-microscopie (EM) 
zijn nodig om de precieze lokalisatie te bevestigen. Conform deze suggestie laten Teijido 
et al. in 2004 al zien dat MLC1 tot expressie komt in de eindvoetjes van astrocyten in de 
hersenen van de muis 24. Naast de expressie in de hersenen komt MLC1 ook tot expressie 
in alle typen witte bloedcellen (hoofdstuk 5). Het belang van deze expressie is echter 
onduidelijk; er zijn geen aanwijzingen voor het disfunctioneren van witte bloedcellen bij 
patiënten met mutaties in het MLC1 gen.
Recent hebben Teijido et al. 25 een artikel gepubliceerd over de expressie van MLC1 in 
muizen. In dit onderzoek hebben EM-experimenten MLC1 gelokaliseerd in het plasma-
membraan en intracellulaire blaasjes in neuronen van volwassen muizen. Tijdens de 
ontwikkeling komt MLC1 voornamelijk tot expressie in axonen. Tot op heden zijn we 
niet in staat geweest deze resultaten te bevestigen in mensen. Hierbij moeten worden 
opgemerkt dat we nog niet het complete humane brein systematisch hebben onderzocht. 
Een ander verschil tussen mens en muis is dat MLC1 in de mens niet tot expressie komt in 
het perifere zenuwstelsel. De afwezigheid van MLC1 in perifere zenuwen komt overeen 
met de afwezigheid van een perifere neuropathie in MLC patiënten. Tenslotte tonen 
Teijido et al. op EM-niveau aan dat MLC1 is gelokaliseerd in astrocyt-astrocyt contact en 
niet in het perivasculaire membraan. De auteurs concluderen daarom dat MLC1 geen 
onderdeel kan zijn van het dystrophine-glycoproteïne-complex (DGC) (zie hoofdstuk 6 
voor meer discussie). Om de verschillen in MLC1 expressie te kunnen bevestigen dan wel 
te ontkrachten is het noodzakelijk om EM-studies te verrichten in humaan brein.
Opgemerkt moet worden dat MLC de tweede genetische aandoening is die specifi ek een 
astrocytair eiwit treft. De eerste genetische aandoening is de ziekte van Alexander, die 
wordt veroorzaakt door mutaties in het GFAP eiwit, een cytoskelet-eiwit dat alleen tot 
expressie komt in astrocyten 26. Opvallend is dat zowel MLC als de ziekte van Alexander 
leukoencephalopathieën zijn die bij kinderen voorkomen. 
6. Partners van het MLC1 eiwit
Andere eiwitten die naast MLC1 tot expressie komen in de astrocytaire eindvoetjes zijn 
proteïnen die onderdeel zijn van het multi-subunit-complex genaamd dystrophine-
glycoproteïne-complex (DGC) 27. Dit complex komt tot expressie in verschillende weefsels 
en is het meest bestudeerd in de spier waar het het cytoskelet van een spiervezel bindt 
met de extracellulaire matrix 28. Mutaties in verscheidene componenten van het DGC 
maken het complex instabiel en leiden tot verschillende typen spierdystrofi eën. Bij de 
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congenitale spierdystrofi eën (CMDs) gaat de spierziekte vaak gepaard met afwijkingen 
van de hersenen, inclusief wittestof afwijkingen. 
Vanaf het begin was de gelijkenis tussen de MRI afwijkingen bij MLC patiënten en 
merosine-defi ciënte CMD (MDC1A) patiënten opvallend 1,29. MDC1A wordt veroorzaakt 
door mutaties in het LAMA2 gen, dat codeert voor de laminine-α2 keten van merosine 
30, een onderdeel van het DGC. MDC1A patiënten hebben net als MLC patiënten diff uus 
afwijkende, licht gezwollen cerebrale witte stof en in sommige gevallen ook subcorticale 
cysten 29. Verder laat microscopische analyse van de hersenen myeline-vacuolisatie zien 
bij MDC1A, gelijkend op die van MLC 31. Deze opvallende gelijkenissen, tezamen met de 
specifi eke lokalisatie van zowel MLC1 als merosine in astrocytaire eindvoetjes, hebben 
tot de hypothese geleid dat het MLC1 eiwit geassocieerd is met het DGC in de hersenen 
(hoofdstuk 6). 
Om deze hypothese te toetsen, is er gebruik gemaakt van een algemeen fenomeen van 
het DGC: als één van de DGC-leden gemuteerd of afwezig is, valt het complex uit elkaar 
en kunnen er eiwitten op een andere plek terecht komen of zelfs geheel ontbreken 32-38. 
In hoofdstuk 6 wordt eerst de co-localisatie van MLC1 met DGC-leden in controleweefsel 
aangetoond. Vervolgens wordt beschreven dat zowel MLC1 als aquaporin-4 (AQP4, 
ook een DGC-eiwit) in glioblastoom-weefsel (een tumor van abnormale, kwaadaardige 
astrocyten) een veranderde localisatie hebben. Daarnaast wordt aangetoond dat MLC1 
ontbreekt en dat de DGC-eiwitten agrine, Kir4.1 (een kaliumkanaal) en D-dystroglycan 
in hersenmateriaal van MLC patiënten een veranderde localisatie hebben. Tenslotte 
wordt een directe interactie tussen MLC1 en Kir4.1 aangetoond. De uitkomst van deze 
proeven zijn sterke aanwijzingen dat MLC1 geassocieerd is met het DGC in de hersenen. 
Deze conclusie wordt gesteund door Ambrosini et al. 39, die daarna een functioneel en 
structureel verband hebben aangetoond tussen MLC1 en het DGC.
Tot nu toe waren alle defecten in DGC-eiwitten geassocieerd met een spierdystrofi e. 
MLC patiënten hebben geen spierziekte. Dit kan verklaard worden door de verschillen in 
samenstelling van het DGC tussen spier- en hersenweefsel. Merosine komt in zowel spieren 
als in de hersenen tot expressie, terwijl MLC1 niet tot expressie komt in spierweefsel. 
Een andere overeenkomst tussen beide ziektes is dat bij zowel MLC als MDC1A de 
hoeveelheid water in de aangedane witte stof abnormaal hoog is door de aanwezigheid 
van talloze kleine vacuoles. Het is bekend dat het DGC cruciaal is voor de verankering 
van water- en kaliumkanalen in de membraan van astrocytaire eindvoetjes. Hiermee 
zou kunnen worden verklaard dat afwijkingen aan het DGC een mogelijke verstoorde 
homeostase van ionen en water in de hersenen tot gevolg heeft 
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7. Functionele proeven met het MLC1 eiwit
Enkele observaties hebben geleid tot de hypothese dat MLC1 een transporter- of 
kanaalfunctie heeft. Allereerst vertoont MLC1 een zwakke aminozuur-homologie met 
het kaliumkanaal Kv1.1, de ABC-2 transporter en een natrium-galactoside-symporter. 
Daarnaast bevat MLC1 een interne repeat die ook gevonden wordt in verschillende 
ionkanalen 24. Op basis van deze theoretische bevindingen wordt in meerdere artikelen een 
mogelijke transporterfunctie van MLC1 genoemd, maar men is niet in staat geweest deze 
aan te tonen 20,24,40,41. In hoofdstuk 5 wordt aangetoond dat MLC1 acht transmembraan-
domeinen bevat. Op het moment van dat schrijven bevatte de Swissprot database 22 
verschillende humane eiwitten met elk 8 transmembraan-domeinen, waarvan de 
meerderheid (17 eiwitten) een transporter- of kanaalfunctie had. 
Om de hypothese te toetsen dat MLC1 een kanaal is, hebben wij gebruik gemaakt van 
de zogenaamde whole-cell patch-clamp techniek (zie tekstbox). In hoofdstuk 7 worden 
experimenten beschreven die laten zien dat de door MLC1 geïnduceerde stroom gedragen 
wordt door chloride-ionen en geassocieerd is met volumeregulatie. De kenmerken van de 
gemeten stroom vertonen overeenkomsten met die van chloride-stromen, die gemeten 
worden in ratten-astrocyten en die afhankelijk zijn van de vorm van de cel. De kanalen 
verantwoordelijk voor deze stroom zijn de zogenaamde volume-gereguleerde anion-
kanalen (VRACs) 42,43. Deze kanalen zijn betrokken bij het regelen van het celvolume 
van de astrocyten en de ion-homeostase in de hersenen 42. Ondanks dat de biofysische 
kenmerken van VRACs intensief zijn onderzocht 44,45, zijn de bijbehorende eiwitten nog 
niet geïdentifi ceerd. De criteria waaraan een VRAC moet voldoen zijn: (I) VRAC wordt 
geactiveerd door hypo-osmotische shock en de daarop volgende celzwelling; (II) VRAC 
stromen zijn uitwaarts rectifi cerend en hebben een geringe tijdsafhankelijke inactivatie; 
(III) de VRAC stroom wordt voornamelijk gedragen door chloride; (IV) VRAC wordt 
geremd door anti-oestrogenen (bijvoorbeeld Tamoxifen); en (V) VRAC activatie heeft 
intracellulair ATP nodig 45,46. In hoofdstuk 7 wordt er een verband aangetoond tussen 
de aanwezigheid van normaal (wild-type) MLC1 en chloridekanaal-activiteit. Hieruit kan 
worden geconcludeerd dat het MLC1 eiwit zelf een chloridekanaal is dat van belang is voor 
volumeregulatie, of dat MLC1 een eiwit is dat onmisbaar is voor een dergelijk kanaal. Om 
een antwoord op deze vraag te krijgen zijn experimenten met Sf9 insectencellen gestart. 
Deze cellen zijn evolutionair gezien nauwelijks verwant aan humane cellen, hebben geen 
MLC1 gen en hebben daarom hoogst waarschijnlijk ook de normale bindingpartners 
van MLC1 niet. De experimenten met Sf9 cellen laten zien dat MLC1 overexpressie een 
chloridestroom induceert, die wordt geassocieerd met volumeregulatie. Dit versterkt de 
conclusie dat MLC1 waarschijnlijk zelf een chloridekanaal is. Deze conclusie wordt nog 
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meer verstevigd door een artikel van Blanz et al. 47 waarin de hersenpathologie wordt 
beschreven van een chloridekanaal CLC-2 ‘knock-out’ muis. Deze pathologie vertoont 
opvallende overeenkomsten met de beschreven hersenpathologie van MLC patiënten. 
Lymfoblasten van MLC patiënten vormen een natuurlijk MLC1-mutant model. In deze 
cellen is de chloridestroom en de celzwelling onder hypo-osmotische omstandigheden 
afwezig, terwijl deze in controle-lymfoblasten wel aanwezig zijn. Dit wijst op een niet-
functioneel kanaal bij MLC patiënten. Een belangrijke bevinding is dat in controle-cellen 
de celzwelling ook is afgenomen onder hypo-osmotische condities in aanwezigheid van 
Tamoxifen, een remmer van chloridekanalen. Het ontbreken van celzwelling onder hypo-
osmotische omstandigheden bij mutaties in MLC1 of blokkade van de activiteit door 
Tamoxifen impliceert dat instroom van water en de activiteit van dit MLC1-gerelateerde 
chloridekanaal of onderling afhankelijk moeten zijn, gecoreguleerd worden, of 
hetzelfde kanaal in deze cellen gebruiken. In astrocyten zou de onderlinge functionele 
afhankelijkheid van MLC1 samen kunnen gaan met het waterkanaal aquaporine-4 (AQP4). 
MLC1 en AQP4 zijn beide gelokaliseerd in de astrocytaire eindvoetjes 34,48 en geassocieerd 
met het DGC (hoofdstuk 6). Deze suggestie wordt gesterkt door een artikel van  Benfenati 
et al., waarin de wordt beschreven dat de knock-down van AQP4 in ratten-astrocyten leidt 
tot een vermindering van door hypotone shock geactiveerde chloridestromen 49. Al eerder 
is een functionele afhankelijkheid tussen de DGC-leden AQP4 en het kaliumkanaal Kir4.1 
beschreven 50. Helaas zijn wij er tot op heden niet in geslaagd om een fysieke interactie 
tussen MLC1 en AQP4 aan te tonen. Een alternatieve verklaring voor de associatie tussen 
MLC1 en water-transport zou kunnen zijn dat geactiveerde chloridekanalen zelf water 
kunnen transporteren 51. Het mag duidelijk zijn dat er meer experimenten nodig zijn 
om de relatie tussen de MLC1-geassocieerde chloridestroom en water-homeostase te 
ontrafelen. 
Het ontbreken van volume-geactiveerde chloridestromen in patiëntencellen met frame-
shift mutaties passen bij het ontbreken van een functioneel kanaal in deze patiënten. 
Volume-geactiveerde chloridestromen ontbreken echter eveneens in patiënten met 
missense-mutaties. Teijido et al. 24 heeft aangetoond dat er bij aminozuursubstituties 
nog een signifi cante hoeveelheid mutant eiwit aanwezig is in het plasmamembraan. 
Het ontbreken van een functioneel chloridekanaal hoeft derhalve niet samen te hangen 
met afwezigheid van MLC1 in het plasmamembraan. Aminozuurveranderingen hebben 
mogelijk invloed op de vouwing van het eiwit en daarmee ook op de functie. 
In hoofdstuk 7 wordt beschreven dat het disfunctioneren van MLC1 tijdens de 
ontwikkeling in de hersenen leidt tot een toename van water in de witte stof en het 
ontstaan van vacuoles in de myelineschede en astrocytaire eindvoetjes. In hoofdstuk 
5 wordt aangetoond dat MLC1 uitsluitend tot expressie komt in witte bloedcellen en 
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hersenweefsel. Daarnaast wordt in hoofdstuk 7 beschreven dat de MLC1-expressie in 
de hersenen veel hoger is dan in witte bloedcellen. Hieruit kan worden geconcludeerd 
dat onze fysiologische bevindingen belangrijker zijn voor astrocyten dan voor witte 
bloedcellen en nauwelijks van betekenis zijn voor andere celtypen, wat waarschijnlijk 
de exclusieve betrokkenheid van de witte stof van de hersenen bij MLC verklaart. 
Chloridekanaal-activiteit geassocieerd met celzwelling hangt in andere cellen dan 
astrocyten waarschijnlijk niet samen met MLC1. Deze gedachte wordt ondersteund door 
de VRAC-kinetiek en farmacologie, die verschillend zijn voor diverse typen weefsels, 
hetgeen wijst op een moleculaire diversiteit van VRAC 46. 
De in hoofdstuk 7 beschreven data laat zien dat normaal functionerend MLC1 noodzakelijk 
is voor chloridekanaal activiteit die associeerd is met celzwelling, gezien de afwezigheid van 
een hypo-osmotisch geïnduceerde chloride-stromen in lymfoblasten van MLC patiënten. 
Het ultieme experiment om te bewijzen dat MLC1 zelf een chloridekanaal is, is door het 
MLC1 eiwit te isoleren en in een lipiden-bilaag te brengen, waarin geen andere eiwitten 
dan MLC1 voorkomen, en door vervolgens chloridestromen onder zowel iso- als hypotone 
condities te meten. Een andere mogelijkheid is veranderingen in anion-selectiviteit aan 
te tonen in mutant MLC1, alhoewel het moeilijk kan zijn om de aminozuurverandering te 
vinden die verantwoordelijk is voor de kanaal-eigenschappen.  Het mag in ieder geval 
duidelijk zijn dat, als MLC1 zelf geen chloridekanaal is, maar een onderdeel van een 
complex waarin een ander eiwit deze functie heeft, dat dan in astrocyten normale MLC1 
functie noodzakelijk is voor de activiteit van een dergelijk complex. 
Patch-clamp techniek
De cellen van levende organismen zijn omgeven door een celmembraan. De celmembraan 
scheidt het interne milieu van de cel van het externe milieu. De membraan is semi-permeabel, 
hetgeen betekent dat er wel water doorheen kan, maar dat grotere en geladen deeltjes de 
membraan niet kunnen passeren. Om in leven te blijven moeten de cellen ervoor zorgen 
dat er een balans is tussen stoff en die de cel in komen en verlaten. We noemen die balans 
‘homeostase’.
Door een proces dat osmose wordt genoemd, stroomt het water door een semi-permeabele 
membraan van de kant waar de concentratie van opgeloste stoff en laag is naar de kant waar 
deze hoger is, totdat een evenwicht is bereikt. 
Eén van de manieren waarop kanaaleiwitten kunnen worden bestudeerd is door middel van 
patch-clamping. Hierbij wordt een klein stukje van de celmembraan (een ‘patch’) vastgepakt 
(ge-‘ clamped’) met een glazen buisje (pipet) met een tip-diameter van slechts 1 micrometer 
T
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(μm). Zowel in de pipet als rond de cellen zijn veel opgeloste zouten (ionen) aanwezig. Door 
een voltage over de membraan aan te leggen, zou een stroom gemeten kunnen worden 
indien de ionkanalen in deze membraan openstaan. Door een open kanaal kunnen per 
seconde 100 miljoen ionen stromen. Het aangelegde voltage zorgt ervoor dat dit ook gebeurt 
en er kan een stroom (van enkele pico-Ampères, pAmp) gemeten worden. Om deze stroom te 
kunnen registreren, moet hij eerst worden versterkt. Hiervoor is in de opstelling een versterker 
aanwezig. Deze geeft het signaal door aan een computer die de grootte van de gemeten 
stroom opslaat. Met de door de computer opgeslagen gegevens is het mogelijk om te zien 
wanneer het kanaal open staat. Met behulp van het aangelegde voltage en de gemeten 
stroom kan de zogenaamde geleiding (doorlaatbaarheid van het kanaal voor ionen) van een 
kanaal worden bepaald. 
In dit proefschrift hebben we gebruik gemaakt van de patch-clamp techniek om de functie 
van het MLC1 eiwit te bepalen. Hieruit is gebleken dat MLC1 betrokken is bij chloride transport 
en waterhomeostase in het brein (zie hoofdstuk 7).
  
8. Openstaande vragen
Een belangrijke vraag in het laatste deel van dit proefschrift is hoe het disfunctioneren 
van chloridekanaal-activiteit, geassocieerd met volumeregulatie in astrocyten, leidt 
tot vorming van vacuoles in de myelineschede en in de eindvoetjes van astrocyten. 
Deze vraag is niet gemakkelijk te beantwoorden. Patiëntengegevens laten zien dat de 
hoofdomvang en het neurologisch onderzoek normaal zijn bij de geboorte. Tijdens 
het eerste levensjaar neemt de omvang van het hoofd snel toe en bij 9-12 maanden 
hebben de patiënten een prominente macrocefalie ontwikkeld. De hersenen bevatten 
bij de geboorte nauwelijks myeline. De hersenontwikkeling tijdens het eerste levensjaar 
wordt gedomineerd door een snelle myeline-depositie in de witte stof. Het is derhalve 
waarschijnlijk dat de myeline vanaf het moment van depositie ontelbare vacuoles bevat. 
Dit verklaart dat de macrocefalie en de megalencefalie (grote hersenen) ontstaan tijdens 
de periode van meest actieve myeline-depositie. 
Tijdens de myelinisatie moeten grote hoeveelheden water worden verwijderd om een 
compacte myeline schede te kunnen vormen. Kamasawa et al. 2005 beschrijft twee 
manieren waarop overtollige ionen en water naar de buitenste lagen van de myelineschede 
kunnen worden getransporteerd: (I) cytoplasmatische diff usie via cytoplasma uitlopers 
in de paranodale gebieden en de insnoeringen van Schmidt-Lanterman, of (II) directe 
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radiale diff usie naar de buitenste lagen via de interlamellaire connexine32-bevattende 
‘gap-junctions’. Vanuit deze buitenste lagen worden ionen en water getransporteerd 
via de ‘gap-junctions’ tussen oligodendrocyten en astrocyten (deze bevatten zowel 
connexine32 als connexine46.6 (zelfde als connexine47 in muizen)) naar het astrocytaire 
syncytium en vervolgens naar de astrocytaire eindvoetjes bij de capillairen en de glia 
limitans 52. Onvoldoende water- en ionenafvoer tijdens de myeline-depositie, veroorzaakt 
door een niet functioneel chloride-kanaal, kan mogelijk vacuoles in de myelineschede 
veroorzaken. Eenmaal ingesloten zijn de vacuoles permanent. Deze verklaring wordt 
versterkt door het fenotype van de Cx32/Cx47 dubbele knockout muis, die vacuoles in 
zowel de binnenste als buitenste lagen van de myelineschede heeft 53.  
9. Mogelijke behandeling voor MLC patiënten
Een manier om een therapie voor MLC te vinden is door gebruik te maken van het 
fenomeen dat de lymfoblasten van MLC-patiënten niet zwellen onder hypotone condities. 
Gebruik makend van grote banken met chemische componenten, en ‘high throughput 
screening’ kunnen individuele componenten worden getest op het vermogen om de 
lymfoblasten van MLC patiënten wel te laten zwellen. Het doel is om een molecuul te 
vinden dat specifi ek is en niet interfereert met andere processen. 
Recent hebben Welch et al. een artikel gepubliceerd over een nieuw geneesmiddel met 
een potentiële therapeutische werking voor MLC patiënten. In dit artikel wordt beschreven 
dat het chemische middel PTC124 in staat is om selectief ‘ribosomaal door te lezen’ in het 
geval van een premature stop-codon ten gevolge van een nonsense mutatie 54. In tabel 
1 (hoofdstuk 5) staan twee MLC patiënten beschreven met dezelfde nonsense mutaties 
(p.Tyr71X). Ondanks dat ‘ribosomaal doorlezen’ leidt tot mutant MLC1, is het mogelijk dat 
dit mutante eiwit nog in staat is om enige chloridekanaal-activiteit te tonen en daarmee 
het verloop van de ziekte gunstig te beïnvloeden. Studies in spierweefselkweken 
van patiënten met spierdystrofi e van Duchenne en van mdx muizen (diermodel voor 
spierdystrofi e van Duchenne) hebben al de therapeutische toepasbaarheid van dit middel 
laten zien. Als PTC124 in staat is om de bloedhersen-barrière te passeren, kan het mogelijk 
ook gebruikt worden voor de behandeling van MLC patiënten met nonsense mutaties.  
Curcumine (geelwortel) is de kleurstof in Indiase Curry en staat bekend om de anti-
tumor, anti-oxidante, anti-amyloide en ontstekingsremmende eigenschappen. In 2004 
beschrijft Egan et al. nieuwe mogelijke therapeutische eigenschappen van curcumine 
voor de behandeling van patiënten met Cystische Fibrose (CF) 55, door de expressie van 
membraaneiwitten in de plasmamembraan te laten toenemen. CF wordt veroorzaakt 
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door mutaties in het chloridekanaal CFTR. De meest voor komende mutatie (p.Phe508del) 
in CF patiënten veroorzaakt een verkeerd gevouwen eiwit dat in het endoplasmatisch 
reticulum blijft steken en vervolgens wordt afgebroken. Egan et al. hebben laten zien dat 
behandeling met curcumine zowel de plasmamembraan-expressie als de activiteit van 
CFTR doet toenemen 55. Curcumine kan mogelijk ook worden toegepast worden op MLC 
patiënten met mutaties die verkeerde eiwitvouwing en verminderde membraan-expressie 
tot gevolg hebben. De eerste experimenten met curcumine behandeling (uitgevoerd 
door Raul Estevez) van cellen die mutant MLC1 (Ser280Leu) tot over-expressie brengen 
zijn veelbelovend en laten inderdaad een toegenomen plasmamembraan-expressie zien. 
Er moet echter nog onderzocht worden of dit ook leidt tot herstel van functie.  
10. Toekomstige experimenten met muismodellen
Om het mechanisme achter de myeline-vacuolisatie te ontrafelen, is het gebruik van een 
muismodel, zoals een MLC1 knock-out muis, onontbeerlijk. Indien deze muis ook vacuoles 
in de myelineschede en astrocytaire eindvoetjes heeft, kan dit als model gebruikt worden 
om de ontwikkeling van vacuoles tijdens het proces van myelinisatie te bestuderen in 
verschillende embryonale- en postnatale stadia. 
Een diermodel kan ook gebruikt worden om het functionele verband tussen aquaporines 
en MLC1 te bevestigen. Een embryonaal muizenbrein bevat een groot extracellulair 
volume waarin de diff usie van water en ionen naar de bloedvaten toe mogelijk is, omdat 
deze nog geen bloed-hersen-barrière hebben en niet omringd zijn door de astrocytaire 
eindvoetjes. Later in de ontwikkeling, tijdens de vorming van de bloed-hersen-barrière 
omhullen glia-uitlopers de endotheelcellen. Aan het einde van dit proces wordt de 
extracellulaire ruimte veel kleiner 56. Om deze afname in volume te kunnen bewerkstelligen 
is een specifi ek transporter-mechanisme voor water en ionen noodzakelijk. Opmerkelijk 
is dat in muizen het verwijderen van extracellulair kalium tijdens de eerste 2-3 weken 
na de geboorte gepaard gaat met een toename van AQP4 56. Indien er inderdaad een 
functioneel verband bestaat tussen MLC1 en AQP4, dan zou het expressieniveau van 
MLC1 gelijk moeten lopen met de toename in expressie van zowel AQP4 als Kir4.1. Om 
deze hypothese te toetsen, moeten de expressieniveaus van MLC1, AQP4 en Kir4.1 in 
muizen worden onderzocht op verschillende tijdstippen tijdens de ontwikkeling en met 
name tijdens de periode dat de bloed-hersen-barrière wordt gevormd.
Een voorbeeld van experimenten met diermodellen op de lange termijn is MLC1 
gentherapie en celtransplantatie in de MLC1 knock-out muis. Gentherapie in de hersenen 
is al eerder toegepast met behulp van een adeno-geassocieerd virus in ASPA knock-
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out muizen 57. Deze muizen zijn een model voor de leukodystrofi e van Canavan. De 
verbeteringen in de hersenen van deze muizen was tot 3–5 maanden na injectie zichtbaar 
op MRI niveau. Een nadeel van deze behandeling is dat het eff ect van de gentherapie 
vooral plaatselijk is. Het is daarom onwaarschijnlijk dat deze gentherapie plaats kan 
vinden in het gehele centrale zenuwstelsel. 
Een andere benadering om verlies van MLC1 functie te herstellen is met behulp van 
celtherapie. Deze methode is al eerder succesvol gebruikt in het brein van de ASPA knock-
out muis, waarin de geïmplanteerde neurale voorlopercellen zich hebben gediff erentieerd 
in oligodendrocyten en astrocyten 58. Implantatie van neurale voorlopercellen is daarmee 
een veelbelovende therapie om het verlies van de MLC1 functie te herstellen. 
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ook jou ben ik grote dank verschuldigd. Je vrolijke, opgeruimde karakter en het feit dat 
je altijd tijd hebt om samen naar resultaten en ‘vage blotjes’ te kijken heb ik zeer kunnen 
waarderen. Ik hoop in de toekomst nog vaak met je te kunnen discussiëren over de 
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like to take the opportunity to thank Dr. Jim Powers for correcting all the manuscripts.
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aantal mensen in het bijzonder bedanken. Allereerst Wouter Kamphorst. Beste Wouter, 
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ontstonden. Voor het leveren van onderzoeksmateriaal wil ik Annemieke Rozenmuller, 
Paul van der Valk, Wouter Kamphorst en Patrick van de Voorn bedanken. Ik hoop dat 
we in de toekomst onze samenwerking kunnen blijven voorzetten. Mijn buizen met 
kweekmedia staan al klaar in de koelkast -. Ook de dames op de neuro: Elise, Marlies 
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fanatieke bijdrage aan heel veel sportuurtjes en de broodnodige kopjes koffi  e. Hopelijk 
volgen er nog vele…
Van het Center for Neurogenomics and Cognitive Research wil ik graag een aantal mensen 
persoonlijk bedanken: Arjen Brussaard en Huibert Mansvelder voor hun grote bijdrage 
aan hoofdstuk 7 en Super-Hans voor vele uurtjes ‘patch-hulp’, geduldige ‘patch-lessen’, 
je enthousiasme en vertrouwen in een goede afl oop. Keimpe en Niels voor het genereus 
delen van de opstelling. Robby (voor het uitzetten van vele fl essen ’293-Robbies’) en Ineke 
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Rob, Koen, Carola, Gerre, Mirjam, Xiaochen, Sigrid, Annet, Laura, Nienke en de studenten 
Annemieke, Karin, Sarra en Maartje) voor het meedenken, meeleven, meehelpen en omdat 
het zulke fantastische collega’s zijn. Ook al hoor je niet offi  cieel bij het witte stof groepje, 
graag wil ik op deze plek Adrie Thomas bedanken voor je steun en het meedenken. Een 
extra woordje van dank wil ik richten tot Koen voor de mutatie analyse, de qPCR en de 
moeizame zoektocht naar de verborgen tweede mutaties en tot Margreet omdat ze de 
eerste maanden van haar AIO-schap vol enthousiasme samen met mij in het donker heeft 
‘gepatched’ om de ‘laatste’ proeven van HET artikel af te maken. Ik weet zeker dat het je 
gaat lukken! Ook Carola heeft een speciaal bedankje meer dan verdiend. Beste Carola, 
we zitten samen heel wat uurtjes ‘te klussen’ in de kweekkast. Jij bent altijd enthousiast, 
ongeloofl ijk snel en handig, vrolijk, fl exibel en mijn telefonische hulplijn en daarom ben 
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ook buiten de VU nog vele jaren voort blijft bestaan. 
Op deze plaats wil ik graag de patiënten en familieleden van patiënten bedanken voor 
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In de laatste alinea wil ik het woord richten tot familie en vrienden. De afgelopen jaren 
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wilt zijn. Lieve Pas, de laatste meer dan verdiende woorden van dit boekje zijn voor jou. 
Omdat voor mijn dank en gevoelens woorden te kort schieten, wil ik kort maar krachtig 
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Appendix: Colour fi gures
Ch5, F4: Immunohistochemical localization 
of MLC1. (A) MLC1 is expressed in perivascular 
astroglial processes of normal cortex. (B) A 
higher magnifi cation of the boxed area from 
Fig. 4A showing reaction product around 
capillaries (arrows). (C) MLC1 is expressed in 
perivascular astroglial processes of normal 
white matter. (D) A higher magnifi cation of 
C. (E) MLC1 is more abundantly expressed in 
the perivascular areas of gliotic white matter 
from an MS patient. (F) A higher magnifi cation 
of D. (G) MLC1 expression in the processes 
of cerebellar Bergmann glia (indicated 
by an arrow). (H) MLC1 expression in the 
subependymal zone. (I) A higher magnifi cation 
of part of Fig. 4H. (J) Positive staining of distal 
astroglial processes in the pia. (K) pre-immune 
control. In all panels the ocular magnifi cation is 
indicated in the lower right hand corner.
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Appendix: Color fi gures
Ch5, F5: Fluorescent immunohistochemical localization of MLC1 in gliotic chronic inactive and acute MS plaques. 
(A-I) Double immunofl uorescence labeling of MLC1 and GFAP in gliotic human brain tissue. (A, D and G) Confocal 
images of MLC1 expression (green), and (B, E and H) GFAP expression (red) in astrocytes in gliotic chronic inactive 
(A-F) or acute (G-I) gliotic white matter. (C, F and I) There is partial overlap (yellow) between MLC1 and GFAP, 
restricted to the perivascular region. D-F, Higher magnifi cation of the boxed blood vessel in fi gure 5A-C. (J-O) 
Double immunofl uorescence labeling of MLC1 and KP1 in acute gliotic human brain tissue. (J and M) Confocal 
images of MLC1 expression (green), and (K and N) KP1 expression (red) in distal astroglial processes and activated 
microglia and “foam cells”, respectively. (L and O) No overlap between MLC1 and KP1 is detectable. In all panels 
the ocular magnifi cation is indicated in the lower right hand corner. 
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Appendix: Colour fi gures
Ch6, F2: Co-localization of MLC1 and DGC-proteins. (a-i). Double immuno-fl uorescence labelling of MLC1 (a, d 
and g; green), agrin (b; red), syntrophin (e; red), and β-dystroglycan (h; red) in gliotic human brain tissue. There 
is partial overlap (c, f and i; yellow) between MLC1 and these DGC-proteins. The overlap (i; yellow) between 
the transmembrane proteins MLC1 (green) and β-dystroglycan (red) is most striking. In all panels the ocular 
magnifi cation and 10μm scale bars are indicated in the lower right hand corner. 
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Appendix: Color fi gures
Ch6, F3: Localization of MLC1 in glioblastoma tissue. Immunohistochemical staining of MLC1, aquaporin-4 (AQP4) 
and agrin in control brain (a, c and e) and tumor tissue (e, d, f and g). (a) MLC1 has a perivascular localization in 
normal tissue. (b) In glioblastoma tissue, the restriction of MLC1 to perivascular areas is lost and the protein has an 
intracellular location in glioblastoma cells. (c) AQP4 is expressed in perivascular astroglial endfeet in control brain. 
(d) AQP4 is localized in glioblastoma cells. (e and f) Agrin is expressed in the extracellular matrix around blood 
vessels of all sizes in normal tissue (e) and only around large vessels in glioblastoma tissue (f). (g) Double-staining 
of agrin (red) / AB4 (blue) in glioblastoma tissue shows agrin and AB4 (endothelial marker) staining around larger 
blood vessels. The boxed area in panel (g) shows that agrin staining is absent around small vessels. In all panels 
the ocular magnifi cation and 10μm scale bars are indicated in the lower right corner. 
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Appendix: Colour fi gures
Ch6, F4: Localization of proteins associated with the DGC in MLC patients. a and b In control tissue the perivascular 
staining of MLC1 is visible (a), but no staining is observed in MLC brain tissue (b). (c and d) Normal perivascular 
basal lamina staining with merosin is seen in control (c) and MLC (d) brain tissue. (e and f) β-dystroglycan has 
a normal perivascular distribution in both control (e) and MLC (f) brain tissue. (g and h) Aquaporin-4 (AQP4) 
has a normal perivascular distribution in both control (g) and MLC (h) brain tissue. (i and j) Kir4.1 is present in 
distal astrocytic processes around blood vessels in control tissue (i). In MLC tissue (j) Kir4.1 is expressed both in 
distal astrocytic processes around blood vessels and in cell bodies of astrocytes (boxed area). (k and l) Agrin is 
expressed in the extracellular matrix around blood vessels in control tissue (k). In MLC tissue (l) agrin is expressed 
in both the extracellular matrix around blood vessels (boxed area) and in cells, as indicated by arrows. (m and n) 
Immunostaining for α–dystroglycan shows a normal perivascular distribution in control tissue (m) and expression 
of α–dystroglycan around blood vessels (boxed area) and in cells in MLC tissue (arrows in n). (o) Double-staining 
of NeuN (blue) / agrin (brown) in MLC tissue shows cytoplasmic agrin staining in NeuN positive cells (arrows). (p) 
Double-staining of Agrin (red) / GFAP (blue) in MLC brain tissue. The picture on the left shows an astrocyte that is 
only GFAP positive (arrow), while the picture on the right shows an astrocyte that is both GFAP and agrin positive 
(arrow, brown staining in cell body). In all panels the ocular magnifi cation, 10μm scale bars and patient numbers 
are indicated in the lower right corner. 
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Appendix: Color fi gures
Ch7, F2: MLC1-induced chloride currents in HEK293 and HeLa cells. (A) Schematic representation of the used 
voltage ramp protocol. (B) Current-voltage (I-V) relationships of control (black trace, n=9) and MLC1-transfected 
HEK293 cells (red trace, n=7). (C) Current-voltage (I-V) relationships of control (black trace, n=4) and MLC1-
transfected HeLa cells (red trace, n=8). (D) I-V relationship of control cells (black trace, n=3) and MLC1-transfected 
cells (red trace, n=4) with replacement of chloride in both bath and pipette-fi lling solutions by equimolar amounts 
of gluconate. (E) I-V relationship of MLC1-transfected cells (red trace, n=7) after adding 10μM Tamoxifen (blue 
trace, n=4) to the bath solution. (F) I-V relationship of MLC1-transfected cells (red trace, n=7) and after adding 2mM 
ATP to the pipette solution (brown trace, n=8). (G) The average I-V relationship of whole-cell chloride current in 
pEGFP-N1 (control, black trace, n=4), pEGFP-N1 plus pCDNA-HA-MLC1_S93L (cyan trace, n=6) and pEGFP-N1 plus 
pCDNA-HA-MLC1_C326R (green trace, n=5) transfected HEK293 cells. (H) The amplitude of the chloride current 
at 120mV of MLC1 (red bar, n=6), control (black bar, n=6), mutant_S93L (cyan bar, n=6) and mutant_C326R (green 
bar, n=5). Currents measured with wild-type MLC1 were signifi cantly diff erent from mutant and control. In the 
panels B, C and E-F, the I-V profi les of the MLC1-transfected cells are outwardly rectifying. Experiments in panels 
B, D-F are performed in HEK293_EBNA cells, panel C in HeLa cells and panels G and H in HEK293 cells. Statistically 
signifi cant diff erences are indicated by asterisks (*p<0.05; **p<0.01). 
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Appendix: Colour fi gures
Ch7, F3: MLC1-induced chloride currents in Sf9 cells. (A) A schematic representation of protocols used. The two 
upper bars represent the standard procedure without hypo-shock, where cells are kept in iso-osmotic bath 
solution for at least 5 minutes before recording. The lower bars show experimental set-up for incubation in hypo-
osmotic bath solutions before recording in standard bath solution. The colors indicate the cells used (transfected 
with wild-type MLC1: red, blue, brown, or pink; transfected with a control GFP construct: black or gray) and the 
osmotic conditions of the bath solutions (red, or black are iso-osmotic, pink, blue, brown and gray are hypo-
osmotic). The arrows indicate the starting point of the measurements. (B) Current-voltage (I-V) relationships of 
control (black trace, n=8) and MLC1-transfected cells (red trace, n=9). (C) I-V relationship obtained under hypo-
osmotic conditions of control (gray trace, n=8) and MLC1-transfected cells (pink trace, n=12). (D) I-V relationship 
obtained under hypo-osmotic conditions of MLC1-transfected cells (pink trace, n=12) and after adding 2μM 
Tamoxifen (blue trace, n=8) to the bath solution. (E) I-V relationship obtained under hypo-osmotic conditions of 
MLC1-transfected cells (pink trace, n=12) and after adding 2mM ATP to the pipette solution (brown trace, n=8). (F) 
The average I-V relationship obtained under hypo-osmotic conditions of whole-cell chloride current in pEGFP-N1 
(control, gray trace, n=8), pEGFP-N1 plus pCDNA-HA-MLC1_S93L (cyan trace, n=10) and pEGFP-N1 plus pCDNA-
HA-MLC1_C326R (green trace, n=10) transfected cells. (G) The amplitude of the chloride current obtained under 
hypo-osmotic conditions at 100mV of MLC1 (pink bar, n=12), control (gray bar, n=8), mutant_S93L (cyan bar, 
n=10) and mutant_C326R (green bar, n=10). Currents measured with wild-type MLC1 were signifi cantly diff erent 
from mutant and control. In the panels C-E, the I-V profi les of the MLC1-transfected cells are outwardly rectifying. 
Statistically signifi cant diff erences are indicated by asterisks (*p<0.05; **p<0.01). 
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Appendix: Color fi gures
Ch7, F4: Loss of VRAC activity in MLC patient-derived lymphoblasts. (A) I-V relationship of control lymphoblasts 
obtained under iso- (red trace, n=13) and hypo-osmotic (pink trace, n=9) conditions. (B) I-V relationship of control 
lymphoblasts obtained under hypo-osmotic conditions (pink trace, n=9) and after adding 10μM Tamoxifen (blue 
trace, n=5) to the bath solution. (C) I-V relationship of MLC lymphoblasts derived from patient 1 (homozygous for 
c.373T>C mutation in MLC1) obtained under iso- (black trace, n=9) and hypo-osmotic (gray trace, n=7) conditions. 
(D) I-V relationship of MLC lymphoblasts derived from patient 2 (homozygous for c.135insC mutation in MLC1) 
obtained under iso- (black trace, n=10) and hypo-osmotic (gray trace, n=9) conditions. In panels A and B the 
I-V profi les of the control lymphoblasts cells are outwardly rectifying. Statistically signifi cant diff erences are 
indicated by asterisks (*p<0.05; **p<0.01). 
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Appendix: Colour fi gures
Ch7, F5: MLC1 is essential for volume regulation in lymphoblasts. (A) Shows the diff erence in average relative 
diameter, obtained under iso- or hypo-osmotic conditions, between control lymphoblasts in the absence (red 
trace, n=16) and in the presence of 10μM Tamoxifen (blue trace, n=5) and MLC patient-derived lymphoblasts 
(black trace, n=5). Cells were bathed in a standard iso-osmotic solution that was then switched to a hypo-osmotic 
solution (black bar). Statistically signifi cant diff erences are indicated by asterisks (**p<0.01). (B) Shows the 
diff erence in average relative fl uorescence, obtained under iso- and hypo-osmotic conditions, between calcein-
loaded control lymphoblasts in the absence (red trace, n=16) or presence of 10μM Tamoxifen (blue trace, n=5) 
and MLC patient-derived lymphoblasts (black trace, n=5). 
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